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  The reproductive or Hypothalamic-Pituitary-Gonadal (HPG) axis is tightly 
regulated by its own internal negative feedback system, as well as by external factors such as 
the body’s stress responses.   One key regulatory factor is the energy status of the body. 
Several lines of evidence present the reproductive system as metabolically gated, as sufficient 
energy stores are required for organism go through puberty and be fertile. 
  Several hormones are used by the body to signal energy status.  Leptin is a 
major metabolic hormone released from adipose tissue.  It travels into the hypothalamus to 
signal satiety, but also serves as a permissive signal for the HPG axis.  Leptin deficiency or 
leptin receptor knockout results in an obese phenotype and infertility.  As the GnRH neurons 
which drive the HPG axis do not express leptin receptors, several intermediary neurons have 
been identified as communicating leptin’s fertility actions. A neuronal population recently 
suggested to fulfil this role is the Pituitary Adenylate Cyclase Activating Polypeptide or 
PACAP neurons.  PACAP is a neurotrophic factor expressed across many different tissues 
which serves a wide number of functions including as a satiety signalling peptide and 
regulating fertility.  A recent study found the PACAP neurons of the ventral premammillary 
nucleus (PMV) region synapse with the kisspeptin neurons (which stimulate reproductive 
activity), and when PACAP is knocked out from the PMV, it causes significant delays in 
puberty onset and impaired female fertility.  As these neurons also express leptin receptors, 
perhaps these neurons act as conduits for leptin’s actions on the reproductive axis. 
  The aim of the experiment was to investigate the role of PACAP in leptin’s 
regulation of fertility, with body weight and adiposity measured as secondary endpoints.  We 
used the Cre-lox system to create two genetic mouse models to manipulate leptin receptor 
 iii 
expression. To test whether PACAP is necessary for leptin’s metabolic and reproductive 
actions, leptin receptors were knockout out selectively from PACAP neurons.  These animals 
had no changes in body weight compared to controls, but females showed a moderate but 
significant ~2-day delay in puberty onset.  To test whether PACAP is sufficient for leptin’s 
metabolic and reproductive actions, PACAP-Cre animals were crossed with animals 
containing a loxP-flanked stop sequence within the leptin receptor.  In Cre-expressing neurons 
the stop condon was excised, allowing the leptin receptor to be expressed. Thus, only PACAP 
neurons had functional leptin receptors.  These animals exhibited slightly reduced body 
weights compared to total leptin receptor knockout animals, but puberty and fertility were not 
restored.  An additional experiment was performed to map hypothalamic PACAP neuron 
populations from birth to adulthood.  Using PACAP-Cre mice crossed to animals with floxed 
GFP, several regions such as the SCN showed increased PACAP expression at later 
development stages.  These results show PACAP neurons are necessary for normal functional 
fertility and timing, but they are not sufficient for mediating leptin’s fertility role.  PACAP 
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When discussing the function of the reproductive system, the importance of stored 
energy status becomes prevalent in the discussion.  Since the 1970’s with the critical mass 
theory of Frisch, there has been a correlation between the current metabolic status of an 
organism and its sexual maturation and eventual fertility (Frisch & Revelle, 1970).  The 
current hypothesis that has been developed is this: only with sufficient stored energy reserves 
does the body allow the progression of the hypothalamic-pituitary-gonadal axis (HPG) axis 
and overall reproduction (Donato et al., 2011; Evans & Anderson, 2012). 
In the last 50 years the importance of understanding how metabolism is controlled has 
grown ever more important.  The lower age of puberty onset in both males and females has 
been noticed (Kaplowitz, 2008).  Within a similar time frame, the average individual body 
weight has increased substantially to the point of an obesity epidemic (Power & Schulkin, 
2008).  Thus, it is far more important than ever to understand the link between metabolism 
and fertility and how its underlying mechanisms and pathways work.   
Like many biological systems, metabolism has several redundant pathways to aid in the 
survival of the organism should one fail.  One redundancy is the use of many metabolically 
relevant hormones such as insulin, ghrelin and leptin (Evans & Anderson, 2012).  What 
strengthens the interaction between the metabolic system and the reproductive system is the 
shared nuclei within the hypothalamus of the brain and the use of the same metabolic 
hormones for regulating the HPG axis (Sohn, 2015).   
In both metabolism and reproduction, a major player is the adipose tissue derived 
hormone leptin.  Identified in 1994, many decades of research have highlighted its importance 
to the metabolic and reproductive systems (Zhang et al., 1994).  Its main role is to signal 
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satiety in the hypothalamus, but it also serves as a regulatory signal to the HPG axis via 
several intermediary nuclei (Moschos et al., 2002).  Knockout animal models of the leptin and 
leptin receptor gene show impaired or absent reproductive function, highlighting its 
importance to the HPG axis (Wu et al., 2012).   
  Despites its importance, the process of elucidating the leptin signalling 
pathway for fertility has been slow.  Currently, several neuronal populations such as the 
GABAergic neurons of the hypothalamus have been identified as necessary to its pubertal 
timing and fertility regulatory actions (Donato et al., 2011; Zuure et al., 2013).  Only with 
genetic models have these direct interactions been established between intermediary neurons 
and leptin signalling (Egan et al., 2017a).  In order to understand the link between fertility and 
metabolism, we must identify key intermediary nuclei that respond directly to the metabolic 
signallers such as leptin and relay this signal to GnRH neurons.  
  The following chapter will describe the regulation of the HPG axis and its link 
to metabolic function.  It will go further in detail on the importance of leptin to the HPG axis, 
and various intermediary nuclei that have been suggested to mediates its actions.  The last 
parts will introduce the most recently identified neuronal population of interest for mediating 
leptin’s fertility function.  Our study aims to investigate whether pituitary adenylate cyclase-
activating polypeptide (PACAP) is involved in leptin signalling of fertility as well as 
metabolic functions. 
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2. Literature Review 
2.1  The hypothalamic pituitary gonadal axis 
 
Fertility is controlled by a neuroendocrine axis, known as the hypothalamic-pituitary-
gonadal axis (HPG).  Neurons from the hypothalamus, known as gonadotrophin releasing 
hormone (GnRH) neurons, secrete the hormone GnRH into the hypophyseal portal blood 
system via the median eminence.  GnRH then travels to the anterior pituitary onto secretory 
cells which release the gonadotrophic reproductive hormones, luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH).  LH and FSH are secreted and travel through the 
bloodstream to signal the gonads, the gamete-producing organ of an organism.  Both 
reproductive hormones act to stimulate the production/release of cholesterol-based steroid 
hormones such as testosterone, progesterone, and oestradiol closely associated with 
reproduction.   These steroid hormones, derived from a cholesterol backbone, will induce 
long-term changes throughout the body.  The most prevalent developments are adolescent 
sexual, psychological maturation and physical growth, collectively referred to as puberty, and 
the beginning of an organism's fertile period (Christian & Moenter, 2010). 
Activation of the HPG axis must be correctly timed and controlled.  The primary 
mechanism of self-regulation is the negative feedback system as illustrated in Figure 2.1.  The 
final hormonal products of the HPG axis, testosterone and oestrogens, act in a mostly 
inhibitory feedback manner onto the hypothalamus and anterior pituitary gland to self-
regulate activity and secretion.  Thus, the HPG axis maintains homeostatic control of itself 
(Maeda et al., 2010).   
 
 















Figure 2.1: Schematic representation of the HPG axis.  Depicts both male and female HPG 
axes and their respective pathways.  In both sexes, GnRH is secreted from the hypothalamus 
to stimulate the release of LH and FSH.  In males, they stimulate the testes to release 
testosterone, which negatively affects the loop's previous components.  In females, LH and 
FSH act on the ovaries to release oestrogen and progesterone.  Depending on the conditions, 
oestrogens can either act positively or negatively to regulate the HPG axis.  Taken from 
(Kong et al., 2014).  
 
 
Figure 2.2: Diagram of the human female hormonal profile during the menstrual cycle.  
The graph depicts the hormones FSH, LH, oestradiol and progesterone blood concentrations 
across the menstrual cycle.  Each phase is defined by the time and hormone levels during the 
stage.  The middle of the graph broken line shows the time of ovulation, preceded by the 
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2.1.1 Variations in the HPG axis activation 
 When discussing the HPG axis, the activation and regulation of the axis varies based 
on a variety of factors.  HPG activity varies strongly over all different definitions of time; 
ranging from a day to over a lifetime.  For the purpose of the review, there will only be a 
discussion on the early life age-related changes such as adolescence to puberty. 
 The HPG axis does become briefly activated throughout the pre-pubescent period in a 
small burst of activity dubbed as ‘mini puberty’.  During high periods of growth, such as a 
few months after birth and at around two to three years old do these mini puberties occur 
(Boehm et al., 2015; Herbison, 2016; Renault et al., 2020).  The period commonly known as 
‘puberty’ is considered the full and final activation of the HPG axis and produces the highest 
blood levels of reproductive hormones like oestrogen and testosterone (Vazquez et al., 2019).  
Throughout puberty, the reproductive hormones increase to their highest amounts which 
coincides with the high amount of growth and sexual maturation experienced during this 
period (Biro et al., 1995; Ikegami et al., 2001).  Variation becomes much greater as 
reproductive milestones such as when the menstrual cycle begins, as shown in figure 2.2 
(Shirtcliff et al., 2009).  Once the fertile period is over, the main reproductive hormones of 
oestradiol and testosterone begin to decline.  For females, the post fertile period state known 
as menopause has both LH and FSH increase in levels, whereas oestradiol is dramatically 
reduced (Chakravarti et al., 1976; Burger, 1996).   These changes strongly support the idea 
that when analysing the reproductive axis, you must take into account the factors of age and 
time. 
 The most dramatic differences are visible between males and females.  For 
most of the pre-pubertal period, the difference in HPG axis activity between males and 
females is minimal.  Studies comparing hormonal profiles between males and females’ pre-
puberty show no significant difference in LH or FSH levels.  Once puberty occurs, oestrogen, 
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LH and FSH levels increase to high levels in females, while testosterone increases 
significantly in males.  These hormone levels cause the sexual dimorphism expected of males 
and females (Jabbour et al., 2006).  Females will also experience fluctuations in hormonal 
levels due to the reproductive cycle, especially during the menstrual cycle. 
 
2.1.2 The menstrual cycle 
The menstrual cycle is defined into two stages, each differentiated by the pattern of 
hormone secretion and ovarian development (Figure 2.2.).  The follicular phase defines the 
development of the ovum and the uterine endometrium in preparation for ovulation and a 
potential pregnancy. LH and FSH levels during this time are secreted in a relatively rapid 
pulsatile manner.  The negative feedback mechanism by oestrogens and progesterone remains 
intact and even increases during the early phase (Fritz & Speroff, 1982; Barbieri, 2014).   
Approaching the point of ovulation, a ‘switch’ inside the brain causes the normally 
inhibitory oestrogenic signal to begin stimulating the HPG axis.  As shown in Figure 2.2, the 
now positive feedback system significantly increases the amount of LH, FSH and oestrogens 
being produced.  Soon after the peak of the preovulatory LH surge, the ovum is released 
(Christian & Moenter, 2010; Herbison, 2016).  Current consensus on the switch in feedback 
suggests the kisspeptin neurons of the anteroventral periventricular (AVPV) region are the 
hypothalamic population responsible for the change, which will be explained further in the 
review (Barbieri, 2014). 
The proceeding luteal phase is the time during which implantation can occur.  If 
fertilised, the ovum implants itself in the endometrium of the uterus while in the ovaries the 
remnants of the ovulated follicle develop into the corpus luteum, which produces 
progesterone throughout the luteal phase (and throughout pregnancy).  Levels of most 
reproductive hormones other than progesterone are reduced during the luteal phase as the 
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HPG’s negative feedback system is re-established.  The high levels of progesterone prepare 
the endometrium for implantation of an embryo (Jabbour et al., 2006).   
The complexity and numerous changes during the menstrual cycle is a clear example 
of the tight control the body exerts over the HPG axis and the regulation of GnRH activity. 
 
2.1.3 The GnRH neurons 
    Immunohistochemistry for GnRH reveals these cells mainly exist in the rostral 
preoptic area of rodents and sheep, and extend as far caudally as the arcuate nucleus in 
primates (King & Anthony, 1984).  Their primary function is the production and secretion of 
GnRH, the neuropeptide responsible for stimulating anterior pituitary gonadotroph cells to 
release LH and FSH.  Within the HPG axis, GnRH neurons are the sole output neurons of the 
hypothalamus, integrating the many central and peripheral signals from other neuron 
populations into a single output signal.  GnRH neuropeptide measurements from frequently-
collected portal blood samples show a pulsatile secretion of GnRH, the importance of which 
is emphasised by the fact that continuous administration of GnRH desensitises its receptor, 
causing blunted LH and FSH levels (Belchetz et al., 1978; Christian & Moenter, 2010).  The 
GnRH neurons require the pulsatile secretion pattern to further regulate HPG axis activity. 
GnRH activity closely mirrors LH secretion, with GnRH levels also surging at the 
preovulatory LH surge.  GnRH pulses differ in frequency and amplitude between the different 
phases of oestrus cycling, as reflected by the difference in LH levels.  Despite their 
importance, GnRH neurons only act as integrator and output neurons for the effects of other 
regulators of the HPG axis (Herbison, 2016).  Other inputs are also present to regulate the 
HPG axis. 
 
2.1.4 Regulation of the GnRH neurons 
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 As stated previously, a negative feedback system within the HPG axis is the primary 
mechanism by which the HPG axis self regulates itself.  Oestrogens are the main acting 
hormones in females, acting back onto brain nuclei which feedback onto the GnRH neurons, 
in order to regulate activity.  Knockout or removal of oestrogen receptors (ERα; ER beta does 
not appear to be involved) from all brain neurons removes the negative feedback system, 
causing an inability to regulate GnRH and LH levels (Wintermantel et al., 2006; Acevedo‐
Rodriguez et al., 2018).  When ovulation is about to occur, however, oestrogen signalling 
switches to become positive as previously stated.  The negative feedback system of oestrogen 
is a critical component of HPG activation, responsible for both general regulation and 
important reproductive milestones like ovulation.  Males has a similar negative feedback 
system, as testosterone does act negatively to regulate the HPG axis, possibly via conversion 
to oestradiol (Bagatell et al., 1994). 
 Several other factors are essential to the normal function and regulation of the HPG 
axis, some of which are more external sources. When stressed, the HPG axis becomes 
downregulated, causing LH and FSH levels to decline significantly as cortisol signalling 
increases (Acevedo‐Rodriguez et al., 2018).  During sickness, the immune system suppresses 
GnRH secretion and receptor expression (Avitsur & Yirmiya, 1999).  Athletes engaged in 
high-intensity workout programs present reduced levels of reproductive hormones and 
inhibited GnRH activity.  Exercise suppress the HPG axis due to the lack of energy stores 
(Sokoloff et al., 2016). These are a few examples of external modulation of reproductive 
function. This literature review will focus on one of the most tightly coupled factors to 
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2.1.5 The role of metabolism in reproduction 
With the rapid development in human society, new changes and issues regarding 
fertility have emerged.  Across the last 200 years, the age of puberty onset and the timing of 
the fertile period has declined in both sexes from about 13 years old to 10-11 years old 
(Kaplowitz, 2008; Power & Schulkin, 2008).  Current hypotheses propose changes in our 
environment and greater human health are responsible.  The lower age of puberty onset is 
however controversial and greatly disputed (Abreu & Kaiser, 2016). A more supported trend 
is there has been an increase in the number of fertility related problems over the last 30 years 
(Shalitin & Phillip, 2003).  Both of these trends are strongly linked to the influence of 
metabolism and energy status and these factor’s importance to fertility (Kaplowitz, 2008).   
All mammals need to have and maintain enough energy for proper reproductive 
development.  For females specifically, enough energy is needed for the entire duration of 
pregnancy and lactation to support the female herself and the offspring (Power & Schulkin, 
2008).  Thus, fertility is known to be metabolically ‘gated’; only under sufficient energy 
stores will fertility proceed, giving the possible offspring the highest chance of survival.   
Anthropologically, some evidence can support the existence of metabolic gating. 
When looking back to ancient human society as hunter/gatherers, they existed in a "feast and 
famine" cycle, where energy was either abundant or absent. A female's fertile period most 
likely coincided with the 'feast' phase as an abundance of energy was available (Wells, 2006).  
When analysing human genomics, there is high activation and expression of genes that 
promote quick weight gain and energy storage.   Especially in females, these genes most 
likely served to maintain high amounts of energy stores needed not only for survival, but also 
to support the growing offspring when the tribe entered into a state of energy famine (Choquet 
& Meyre, 2011; Donato et al., 2011).  The close association of energy to fertility has been 
apparent to reproductive researchers for many decades, a prominent theory being the critical 
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fat mass theory.  Rose Frisch, the theory's proposer, highlighted that reproductive functions 
like puberty and eventually fertility became possible once a particular weight was reached 
(Frisch & Revelle, 1970). Despite the theory's contention and several flaws (Moschos et al., 
2002; Kaplowitz, 2008), the theory has some merit and the current consensus is that many 
mammals, including humans, contain a metabolically gated fertility axis.   
 Due to the tight metabolic control the body maintains, sustained increases and 
decreases in body weight can be detrimental to normal fertility.   Individuals existing at the 
extremes of weight, such as anorexia or overweightness/obesity, demonstrate even greater 
fertility impairments (Evans & Anderson, 2012).  Starvation results in a complete shutdown 
of the oestrus cycle.  Likewise, in individuals who are anorexic, a chronic state of energy 
deficiency causes a breakdown of the regular rhythmic pattern of the HPG axis (Ahima et al., 
1997).  LH and FSH levels also drop in anorexia.  Normal reproductive function can be 
restored when the body is returned to proper energy homeostasis. 
 In obesity, fertility and the HPG axis may also be impaired.  Longitudinal studies of 
girls considered to be obese found they achieve even earlier ages of puberty onset at around 
ten years old (Reinehr et al., 2017).  Fecundity and pregnancy chances are significantly 
reduced; these deficits extending to a reduced effectiveness of fertility treatments such as in 
vitro fertilisation and assisted fertility technology.  There is a greater risk of congenital 
disabilities in the offspring of females with obesity and pregnancy complications like 
hypertension and gestational diabetes in the mother.  Coupled with a higher risk of polycystic 
ovarian syndrome (PCOS), obesity significantly increases the risk of life changing 
impairments (Balen et al., 2007).  Male obesity also produces impairments; studies show that 
sperm number and motility are dramatically reduced (Almabhouh et al., 2020).  Male 
hormonal profiles have much greater irregularity, with increased weight producing lower 
testosterone levels (Palmer et al., 2012; Davidson et al., 2015). 
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Overall, the impairment of fertility that occurs at the extremes of energy reserves is 
dramatic and debilitating.  With the increase in the percentage of individuals considered 
overweight/obese in New Zealand, these impairments will become more common and 
increase in severity. Given these issues, the necessity for understanding the HPG axis and its 
link to metabolism is high (Pantasri & Norman, 2014).  
 
2.2 The link between metabolism and fertility  
 
2.2.1 Metabolism in the central nervous system 
Control of metabolism and fertility are closely linked within the brain, sharing several 
hypothalamic nuclei.  Both axes are intertwined, hence the metabolic axes must be 
understood. The dominant hypothalamic brain axis for metabolism is the melanocortin 
pathway.  Most metabolic hormones from the periphery send signals back to the hypothalamic 
metabolic integrating nucleus: the arcuate nucleus (Arc).  The Arc is located ventrally around 
the caudal half of the 3rd ventricle in rodents and sends neuronal projections to many other 
metabolically important regions like the lateral hypothalamus (LHA) and ventromedial 
hypothalamus (VMH) (Uyama et al., 2004; Coll & Yeo, 2013). 
The two most important neuron populations located within the Arc that are involved in 
controlling metabolism consist of the pro-opiomelanocortin (POMC)/cocaine and 
amphetamine-regulated transcript (CART) neurons and agouti-related protein 
(AgRP)/neuropeptide Y (NPY) neurons.  These neuronal subpopulations are the critical 
integrators of peripheral energy signals, as both express receptors for multiple metabolically 
important hormones (Sohn, 2015).    
The AgRP/NPY neurons are key orexigenic neurons of the brain.  These neurons 
when firing prompt an increase in food intake. A predominately GABAergic population, the 
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major peptides released are AgRP and NPY (van de Wall et al., 2008).  One of the main 
targets of the AgRP neurons for propagating the appetite increasing signal is the LHA.  The 
LHA contains another orexigenic neuron population, orexin neurons (Sohn, 2015).  
Acting in opposition to AgRP neurons, the POMC/CART neuron population promotes 
anorexigenic behaviours to reduce food intake and signal satiety (Balthasar et al., 2004).  
Several different neuronal subpopulations and divisions are located in the POMC, but the 
major product of the POMC neurons is the hormone and neuropeptide α-melanocyte-
stimulating (α-MSH).  The principal receptors of MSH are MCR3 and MCR4, which are 
expressed across several hypothalamic neuron populations.  One of the main regions 
connected to the POMC neurons is the VMH, located superior to the arcuate nucleus in the 
hypothalamus (Sohn, 2015).  The VMH has several functions and distinct subpopulations of 
neurons.  Its main function is metabolic control and terminating food intake (Gaur et al., 
2014).   The regions are critical for metabolic control, just as important as the signallers used 
in metabolism. 
 
2.2.2 Metabolically important hormones  
 As with most other biological systems, metabolism utilises various signals to 
communicate an organism's current energy status.  These range from glucose sensors and 
direct neuronal circuitry to hormones released from peripheral tissues.  All signals travel to 
the hypothalamus as the key integrator of metabolic information, translating and changing an 
organism’s metabolic behaviour and physiology.  The various signallers may potentially play 
roles in communicating the metabolic status to the HPG axis as well (Evans & Anderson, 
2012). 
 Neuron based signalling exists between the hypothalamus and the essential metabolic 
organs.  Glucose detectors measuring blood glucose levels signal back to the brain via the 
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brainstem (Kalsbeek et al., 2014).  Stomach extension sensors measure the 
contraction/extension of the stomach to indicate food intake and transmit it back to the 
hypothalamus (Levin et al., 1999).  Whether they play a role in longer-term functions such as 
reproduction is unknown, but the circuitry does signal to the arcuate nucleus via the brainstem 
for tighter metabolic control.   
 Gastrointestinal peptides play a role in the regulation of metabolism.  Peptide YY3-36 
(PYY) is an anorexigenic peptide secreted from the colon.  A close analogue to NPY, it acts 
on Y2 and Y5 receptors to inhibit food intake.  Its inhibitory role also extends to fertility.  It 
acts to reduce GnRH secretion in normal animals, with infusions of PYY causing a decrease 
in LH levels.  Within fasted animals, however, it can become stimulatory and promote food 
intake (Pinilla et al., 2006). PYY's impact on fertility appears to be dependent on the 
organism's nutritional status, but this highlights PYY as involved in the interrelationship 
between fertility and metabolism (Comninos et al., 2014). Another example of a gut peptide 
with metabolic and reproductive functions is glucagon-like peptide 1 (GLP-1). GLP-1 is 
secreted by enteroendocrine L cells in the small intestines.  Acting as an inhibitory regulator 
on metabolism, GLP-1 signals through cells located in the arcuate nucleus (Comninos et al., 
2014).  GLP-1 also influences the HPG axis.  Knockout of GLP-1 results in delayed puberty 
and inhibited testosterone.  GLP-1 injections can modulate both GnRH and kisspeptin 
secretion.  GLP-1 levels vary depending on oestrus cycle timing, with higher Glp1 mRNA 
during proestrus (Jensterle et al., 2019).  Both PYY and GLP-1 are examples of how 
gastrointestinal peptides regulate metabolism and are involved in the HPG axis (Moffett & 
Naughton, 2020).  However, signalling of metabolic status towards reproduction is primarily 
attributed to three essential hormones; ghrelin, insulin and leptin (Evans & Anderson, 2017). 
 
2.2.3 Insulin 
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Insulin is one of the main hormones associated with controlling plasma glucose 
concentrations.  Secreted by pancreatic beta cells, insulin acts on the brain and peripheral 
organs to increase glucose uptake to maintain a concentration of blood glucose (Sisley & 
Sandoval, 2011).  Insulin receptors are highly expressed in the arcuate nucleus, as insulin acts 
to decrease NPY expression and increase POMC expression.  Research on insulin’s possible 
role in fertility maintenance has shown a regulatory function.  Early evidence found insulin 
injections onto pituitary and GnRH cell cultures promotes a dose dependent increase in LH, 
GnRH and FSH levels (Adashi et al., 1981).  More recent research suggests insulin may also 
act via other intermediary nuclei such as kisspeptin and even other cell types such as 
astrocytes, both of which are linked to reproduction (Manaserh et al., 2019; Evans et al., 
2021).  The current hypothesis is that insulin acts permissively, acting to pre-program the 
HPG axis and regulating GnRH levels via indirect pathways (Sliwowska et al., 2014).   
 
2.2.4 Ghrelin 
The primary hormone promoting food intake is ghrelin, secreted mainly by stomach 
cells.  Ghrelin acts on the arcuate neuron populations to promote food intake behaviours.  
Analysing its link to fertility, both acute and chronic injections of ghrelin have been found to 
decrease LH levels across many different animal models. Higher ghrelin levels are present in 
females who are amenorrhoeic or have supressed menstrual cycles (Fernandez-Fernandez et 
al., 2005; Ogata et al., 2009; Ackerman et al., 2012).  Ghrelin injections also produce 
reductions in Kiss1 mRNA, suggesting that ghrelin may act through indirect pathways to 
regulate the HPG axis (Forbes et al., 2009).  Some contradictory evidence is present: ghrelin 
may only play a small regulatory role in particular reproductive states like pregnancy as 
ghrelin administration did not affect rat timing of first oestrus and oestrus cyclicity.  In males, 
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ghrelin injection decreases LH and testosterone, suggesting ghrelin may be more impactful in 
males (Fernandez-Fernandez et al., 2005).   
 
2.3 Leptin 
 Leptin is a hormone produced from white adipose tissue and is arguably the most 
critical signaller of the body's stored energy status. When fat stores increase, leptin plasma 
levels rise and signal onto several regions of the hypothalamus to promote 'satiety'; to reduce 
food intake and decrease the organism’s metabolic rate (Zhang et al., 1994; Moschos et al., 
2002). 
 As a metabolic status communicator, it signals to numerous metabolic neuron 
populations such as the VMH, DMH, ventral PMV and the Arc via the long isoform of the 
leptin receptor (LepR).  Of significant importance are the POMC and the AgRP neuronal 
populations of the Arc, that respond to leptin signalling and are closely linked to food intake 
control (Evans & Anderson, 2012).   
Leptin secretion typically follows a pulsatile secretion and a diurnal rhythmic pattern.  
Its peak secretion occurs in the early morning, decreasing to a low during the afternoon 
(Moschos et al., 2002).  The number of pulses varies but does appear to correspond to the 
time of meals eaten (Saad et al., 1998). 
 Like many hormones, the levels of leptin in the body are highly dependent on various 
factors.  The most direct effect is the amount of fat.  A higher fat mass typically increases the 
levels of leptin.  Subcutaneous fat produces more leptin compared to visceral fat.  Disruptions 
to normal leptin diurnal secretion patterns occur in obesity, as studies of leptin rhythmicity 
within obese individuals find higher leptin levels with fewer leptin pulses (Saad et al., 1998). 
 As well as fat differences, leptin shows a clear sexual dimorphism in its importance 
and amount (Saad et al., 1998).  In adults, leptin levels in males are actually two to three 
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times lower than females, and the difference increases at higher BMI measurements (Kennedy 
et al., 1997). It is around the time of puberty when male leptin levels begin to decline, in 
contrast to females which maintain high leptin levels throughout puberty compared to males.  
Leptin levels are also much more variable in females, such as during particular stages of the 
menstrual cycle (Wilson et al., 2003; Salem, 2021).  The reason is currently understood to be 
due to testosterone, which replaces leptin’s role across many functions.  Females also on 
average have more subcutaneous fat and produce more oestrogen, which is known to facilitate 
leptin production; hence they are generally have more circulating leptin and have greater 
response to it (Power & Schulkin, 2008). 
 
2.3.1 The leptin receptor 
Encoded by the Ob gene, the kinase-linked leptin receptor (LepR) is highly expressed 
throughout the hypothalamus. The arcuate, LHA, PMV, pre-optic area (POA) and the 
dorsomedial aspect of the DMH all stain for leptin receptors (Louis et al., 2011; Malik et al., 
2019).  Like many receptors, the leptin receptor has several different isoforms, each 
performing a different downstream function.  For example, the leptin receptor's long version 
signals numerous downstream pathways such as the Janus Kinases (JAK)/ Signal Transducer 
and Activator of Transcription (STAT) pathway, the Protein Kinase A (PKA) pathway, and 
several others as shown in figure 2.3.  The shortest form is only responsible for transporting 
leptin across the blood-brain barrier.  Receptor isoforms' expression also varies by region; an 
example is a subpopulation of the POMC neurons that express the long form of the leptin 
receptor (Toda et al., 2017).   For the purpose of the thesis, the long form leptin receptor will 
only be considered. 
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The leptin receptor has several intracellular downstream pathways by which is signals.   
These proteins eventually cause the reduction in food intake and to increase energy 
expenditure.  A reliable and common way to determine the leptin receptor's activation is by 
staining for phosphorylation of proteins like STAT3 and STAT5 (Quennell et al., 2011; Egan 
et al., 2017a). 
  
Figure 2.3: Graphical illustration of the leptin receptor signalling pathway.  Leptin acts 
on its kinase-linked receptor to stimulate various downstream pathways.  The standard 
method of detecting the leptin receptor's activation is using immunohistochemistry for 
phosphorylated STAT3 (pSTAT3), which becomes phosphorylated by leptin receptor 
activation of JAK kinases.  Diagram is taken from (Morris & Rui, 2009). 
 
The importance of leptin receptor signalling to food intake is well established.  Models 
with knockouts of LepR exhibit an obese phenotype.  Leptin receptor mRNA can be 
negatively correlated to weight in these models (Cohen et al., 2001).  The actions of the leptin 
CHAPTER 2: LITERATURE REVIEW 
 
18 
receptors vary by region to signal different metabolic information.  Unlike the Arc which 
responds to various metabolic signals like leptin, the VMH is dominated by glucose-sensing 
neurons, but also uses leptin to signal food intake. In contrast, the DMH integrates other 
neuronal signals and perhaps uses leptin signalling for thermoregulation.  Overall, the leptin 
receptors mediate leptin’s signal for many different neuron populations (Myers Jr et al., 
2009). 
 
2.3.2 Role of leptin in fertility and reproduction 
 Analysing the work done on leptin suggests it plays a definite role in facilitating HPG 
axis activity, but mechanism of action is still not well understood.   
 Leptin deficiency or knockout has been performed within many mammalian species 
such as mice, rats, ewes, and primates.  The most common result is obesity, diabetes, and 
impaired fertility.  In mice, leptin knockout results in almost complete infertility (van de Wall 
et al., 2008; Hill et al., 2010).  At the other end of the spectrum, chronic overexpression of 
leptin will result in hypogonadotropic hypogonadism; a deficiency in all gonadal steroid 
hormone secretion (Yura et al., 2000; Kaplowitz, 2008). 
Leptin administration to leptin deprived animals resulted in both normal food intake 
regulation and fertility being rescued (Ahima et al., 1997). Some studies show leptin can 
partially restore LH levels in food-restricted ewes without reducing food intake (Henry et al., 
2001).  Outside of studies utilising leptin control extremes, leptin treatment can accelerate the 
age of vaginal opening and first oestrus when compared to controls (Ahima et al., 1997; 
Wilson et al., 2003). Studies using hormonal assays find leptin levels rise concurrently with 
the preovulatory LH surge across human females (Ahrens et al., 2014) (Figure 2.4) and rise 
before the initial onset of puberty in males (Mantzoros et al., 1997). 
 





Figure 2.4: Hormonal profile of leptin, oestradiol and progesterone during ovulatory 
cycles in human females.  Blood collection occurred for each woman across several days 
after reporting what phase of their cycle they were in.  The graph was normalised by age and 
body fat for each woman.  Taken from (Ahrens et al., 2014). 
 
 
An important feature of leptin and reproduction is that leptin most likely acts via 
indirectly with other regulatory neuronal inputs to the HPG axis rather than with the GnRH 
neurons.  Studies of both mice and monkey GnRH neurons consistently show no LepR 
receptors or associated pSTAT3 in GnRH neurons.  Across different experimental 
methodologies has sit been shown, such as through tagging LepR with EGFP or pSTAT3 
immunohistochemistry (Louis et al., 2011).  Furthermore, GnRH LepR generated knockout 
mice have normal fertility and puberty timing, and single GnRH neuron PCR measurements 
confirm that GnRH neurons do not express LepR mRNA (Quennell et al., 2009).   
 Despite the previous strong evidence supporting leptin as a critical signal for fertility, 
the current consensus is that leptin is instead acting as a permissive signal: it signals an 
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acceptable energy status to allow fertility to proceed safely (Bohlen et al., 2016).  The change 
in opinion has been due several contradictory studies. 
Studies of rats and mice find leptin treatment does not accelerate the timing of 
physiological changes like vaginal opening, first oestrus or preputial separation (Cheung et 
al., 1997; Cheung et al., 2001; Barker-Gibb et al., 2002).  Studies using ewes show without 
having food deprivation, leptin causes no significant change in LH levels. Only when 
undernourished do ewes demonstrate LH secretion increases under central leptin 
administration. Analysis of the effect of GnRH on leptin found no synchronisation of either 
hormone, suggesting they may not be secreted in synchrony (Sir-Petermann et al., 1999; 
Recabarren et al., 2002).  Studies of male rhesus monkeys found little evidence of leptin 
being necessary for puberty initiation (Plant & Durrant, 1997).  Leptin administration into 
young female rhesus monkeys increased nocturnal LH levels and accelerated several puberty 
measures like age of menarche and perineal swelling. The length of the particular study 
mentioned prevented any measure of the first ovulation age, but leptin was concluded to be a 
permissive but critical signal (Wilson et al., 2003). 
 A consistent trend across all these studies is that leptin is significantly more important 
in females than males with regards to fertility.  As females typically have more body fat 
overall and a higher proportion of the subcutaneous type in adults, leptin is typically at higher 
levels and has a greater number of roles.  Additionally, testosterone may act to decrease the 
levels of leptin in males, as the levels of leptin in early puberty for males decline with 
testosterone levels increasing.  Although low leptin levels have been linked to male fertility 
deficits, such as poor sperm motility and number, research is limited (Kennedy et al., 1997; 
Malik et al., 2019).  As a result, most research studying leptin’s reproductive effects generally 
find the effect occurs more prominently or only in females.   Even in completely LepR-
deficient mice, a small proportion of the males are able to sire litters (Egan et al., 2017a). 
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Time also influences leptin signalling based on age.  Leptin levels before puberty are 
low as energy stores are low. Across puberty and during the fertile period of adulthood do 
leptin levels increase dramatically and show more variability.  An example is during the 
human female menstrual cycle in which a higher concentration of leptin levels measured 
during the luteal phase compared to the follicular phase as shown in figure 2.4 (Ludwig et al., 
2000). 
  
2.4 Leptin’s intermediary neurons for fertility 
signalling 
Upon examining all potential evidence, it is well supported that leptin acts as a 
permissive signal for fertility, signalling the body's critical fat stores' energy status.  Once the 
leptin signalling threshold is attained in a mammal, then HPG axis activation will be 
facilitated.  The question remains in what neuronal pathway(s) does leptin act on to signal the 
HPG axis (Hausman et al., 2012; Vazquez et al., 2019). 
 
2.4.1 Kisspeptin/dynorphin/neurokinin B neurons 
Arguably the most important nuclei in the regulation of GnRH and LH pulses are the 
kisspeptin neurons.  The two main populations of kisspeptin neurons are located in the 
anteroventral periventricular nucleus (AVPV) and the arcuate nucleus (Vazquez et al., 2019).  
The arcuate population produce dynorphin and neurokinin B (NKB) along with kisspeptin, 
hence they are often referred to as KNDy neurons. These neurons directly regulate GnRH 
activity through kisspeptin acting onto the kisspeptin receptor GPR54, a highly expressed 
receptor (Dungan et al., 2006).  Immunohistochemistry of hypothalamus brain slices shows 
both AVPV kisspeptin and arcuate KNDy populations directly synapse with the GnRH 
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neurons and express many fertility linked receptors like oestrogen receptor alpha (Smith et al., 
2006b).    Activation of GPR54 advances the timing of puberty in mice (Clarkson et al., 
2008), while its blockage can result in hypogonadotropic hypogonadism and a significant 
decrease in gonadal hormone levels (De Roux et al., 2003; Thompson et al., 2004).  Both 
total knockouts of Kiss1 gene and specific knockouts of GPR54 from the GnRH neurons 
induces infertility, delayed puberty onset and reduced gonadal organ size (Kirilov et al., 
2013).  The addition of NKB and kisspeptin agonists can cause a reduction in LH serum 
levels (Navarro et al., 2009). Knockout of oestrogen or progesterone receptors from 
kisspeptin populations prevents preovulatory-like LH surges in females, further described by 
a lack of c-fos (a marker of neuronal activation) presence within the nuclei (Stephens et al., 
2015).   
 The two populations of kisspeptin neurons both have very distinct functions and can 
be also looked at individually. The arcuate nucleus kisspeptin neurons appear to regulate and 
determine the normal pulsatile secretion of GnRH, synapsing close to the axon terminals of 
GnRH neurons to directly control the release of GnRH at the median eminence (Herbison, 
2016).  Measures of the arcuate kisspeptin neurons' activation show high activity of the 
kisspeptin via c-Fos staining during normal GnRH pulsatility (Clarkson et al., 2008; Clarkson 
et al., 2017). 
In contrast, the AVPV kisspeptin population appears responsible for GnRH activity 
during the preovulatory LH surge, mediating the signal change from negative to positive 
feedback within the oestrogen feedback loop (Herbison, 2016).  During proestrus, the phase 
leading up to the LH surge, the AVPV presents high levels of both c-Fos and Kiss1 mRNA 
expression comparatively to the arcuate nucleus (Smith et al., 2006b; Navarro et al., 2009). 
Given the positive feedback system is only evident in females, the AVPV population is more 
critical and numerous in females than males, which could support an importance to leptin 
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signalling (Vazquez et al., 2019).  Combining all the previous findings, the current 
understanding of the KNDy neurons proposes they are key intermediary nuclei for the HPG 
axis, receiving many peripheral signals (such as oestrogenic signals) and integrating these 
signals to regulate GnRH activity.   
Concerning leptin, the kisspeptin neurons appear to be involved.  Kisspeptin 
administration does not markedly affect food intake, so leptin signalling in these neurons 
would only be to transduce its fertility actions (Thompson et al., 2004).  Supporting evidence 
shows leptin deficient or diet-induced obesity mice models have reduced Kiss1 mRNA and 
lack the preovulatory LH surge.  However, very few kisspeptin neurons show leptin-induced 
pSTAT3 staining, indicating leptins actions on kisspeptin signalling are more likely mediated 
via other hypothalamic nuclei (Quennell et al., 2011).  Further support for indirect leptin 
actions indicated that leptin receptor knockouts from the kisspeptin neurons do not affect 
fertility and puberty onset (Donato et al., 2011). 
Separating into the main two kisspeptin neuron populations, the arcuate population of 
kisspeptin neurons more likely interact with the actions of leptin, as a large percentage of the 
surrounding neurons in this region express leptin receptors (Louis et al., 2011).  In situ 
hybridisation for Kiss1 in leptin-deficient Ob/Ob mice showed that leptin administration was 
able to restore some Kiss1 mRNA production (Smith et al., 2006a).   
The research into AVPV's role in mediating leptin signalling suggests a weak 
interaction.  Immunohistochemistry of the region show very few leptin receptors being 
expressed on these neurons (Louis et al., 2011), but as in the case for the arcuate population, 
they are localised close to leptin receptor-positive neurons.  What is currently accepted is the 
kisspeptin neurons are indirectly regulated by leptin through other intermediary neuron 
populations. 
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2.4.2 Gamma-aminobutyric acid (GABA) and Glutamate neurons 
The most prevalent neurotransmitters utilised by the brain are the excitatory amino 
acid glutamate and the inhibitory amino acid GABA.  Many neuron populations involved in 
regulating the HPG axis express either neurotransmitter; hence they have been investigated 
thoroughly to see if these populations are involved in metabolic modulation of the HPG axis 
(Zuure et al., 2016).  
There is strong evidence supporting GABAergic neuron populations as being an 
essential leptin-responsive regulator of the GnRH neurons. GABAergic populations are 
present in the arcuate nucleus, DMH and LHA, and have projections to the GnRH neurons of 
the preoptic area where they can potentially excite or inhibit GnRH activity (most commonly 
excitatory)(Herbison & Moenter, 2011).  The GnRH neurons express both GABAA and 
GABAB receptors.  Complementing this, many of the GABA neurons express oestrogen 
receptors, leptin receptors and are involved in the HPG axis negative feedback mechanism 
(Christian & Moenter, 2010).  In vitro studies of brain slices show GnRH excitation can be 
achieved via GABA receptor activation.  The LH surge can be blocked with GABA infusion, 
whereas GABA antagonists such as muscimol advance the LH surge timing (Watanabe et al., 
2014).  When kisspeptin was injected, LH and FSH levels were increased significantly by 
acting through the GABAergic neurons, suggesting kisspeptin can act to facilitate GABAergic 
regulation towards GnRH neurons (Pielecka-Fortuna & Moenter, 2010).  
Concerning leptin signalling of fertility, GABA neurons are important intermediary 
neurons.  A high number of AgRP/NPY neurons co-express GABA, suggesting an interaction 
between leptin and GABA (Marshall et al., 2017). A study using the Cre-loxP system for the 
deletion of leptin receptors from GABAergic neurons in mice resulted in a significantly delay 
to vaginal opening, first oestrus and reduced fecundity.  From these results, leptin signalling 
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onto GABA neurons has been shown to be required for normal reproductive function (Zuure 
et al., 2013). 
 Similar to GABA, glutamatergic populations from regions like the AVPV and PMV 
directly synapse with GnRH neurons (Kocsis et al., 2003).  GnRH neurons express most 
forms of glutamate receptors such as the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor, and older studies have found activation of these receptors cause 
regulate GnRH and LH levels.  These studies do have issues with administration of glutamate 
as they may also stimulate other neuron populations and cell types (Lopez et al., 1990; Ping et 
al., 1997).  More recent studies have found glutamate receptor activation causes Ca2+ influx in 
a small sub population of GnRH neurons (Constantin et al., 2010).  The most supported role 
of glutamate is in mediating oestrogen negative feedback.  Changes in excitatory postsynaptic 
currents in glutamate neurons occur due to oestrogen's negative feedback suggesting some 
involvement in the mechanism (Iremonger et al., 2010).  The change is linked to oestrogen 
actions on the AVPV glutamate region which are most likely used to propagate the negative 
feedback signal onto the GnRH neurons (Wintermantel et al., 2006).  Additionally, knocking 
out oestrogen receptors from glutamate receptor-expressing neurons causes earlier puberty 
timing and infertility (Cheong et al., 2015).  Given glutamate very specific role, its link to 
leptin is not clear. 
Current understanding suggests glutamate's role in leptin signalling of fertility is not 
necessary (Evans & Anderson, 2017).  A study by Zuure (2013) which identified the 
importance of GABA to leptin also used the same Cre-loxP system to remove leptin receptors 
from glutamate neurons and look at fertility.  The mouse model presented no impairments in 
any measure of fertility such as puberty onset. Glutamate neurons are most likely not 
necessary for leptin permissive signalling for fertility (Zuure et al., 2013).  
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2.4.3 Agouti-related peptide/Neuropeptide Y neurons 
As stated previously, AgRP/NPY neurons are an orexigenic neuron population in the 
arcuate nucleus responsible for promoting food intake and decreasing energy expenditure. A 
substantial amount of work indicates that these neurons are closely linked to integrating 
metabolic information for the HPG axis.  These neurons express receptors for leptin, ghrelin, 
insulin, and the production of AgRP and NPY is closely regulated by these major hormones 
(van de Wall et al., 2008).  The primary transmitters/peptides released are GABA, AgRP and 
NPY, all of which have been found to impact fertility in some way (Evans & Anderson, 
2017). 
The AgRP neurons directly project to the preoptic GnRH neurons and the kisspeptin 
neurons (Zuure et al., 2016; Padilla et al., 2017).  Electrophysiological recordings of the 
GnRH neurons shows that the application of drugs that target the NPY receptors Y1 to Y5 can 
induce many GnRH excitability changes.  These findings support that the AgRP neurons are 
regulators of the GnRH neurons (Roa & Herbison, 2012).  Fertility experiments focused on 
the AgRP/NPY neurons have indicated it inhibits the HPG axis during periods of energy 
deficiency, as knockouts of AgRP neurons within obese LepR-deficient mice causes a 
restoration of normal fertility.  The current explanation for these results suggests during stages 
of energy deficiency such as starvation, AgRP signalling is high due to leptin deficiency and 
this inhibits the HPG axis (Sheffer-Babila et al., 2013).  
Experiments on NPY as a peptide further support inhibitory actions on the HPG axis.  
High levels of NPY result in obesity and infertility (Wu et al., 2012).  Knocking out the NPY 
receptor Y4 ablates NPY's effects, indicating NPY is expressed in high amounts to suppress 
the HPG axis in response to energy deprivation (Sainsbury et al., 2002). 
Leptin and the AgRP/NPY neurons are closely interlinked, as AgRP neurons strongly 
express leptin receptors.  Leptin acts to inhibit the AgRP and NPY neurons, and ablating 
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AgRP/NPY neurons from leptin-deficient mice is sufficient to restore fertility (Wu et al., 
2012).  An important experiment by Egan and Anderson supports AgRP as being enough to 
restore fertility.  Using a leptin-stop-flox and AgRP/NPY- Cre model, all neuronal 
populations except for the AgRP/NPY neurons had leptin receptors excised.  It was found 
fertility was restored to a level similar to that of wild-type controls, highlighting AgRP as 
sufficient for leptin to regulate fertility.  Although this pathway may not be necessary, 
AgRP/NPY neurons are an important target of leptin's reproductive function (Egan et al., 
2017a). 
 
2.4.4 Pro-opiomelanocortin neurons 
 Given the role of reducing food intake and its association with leptin, the POMC 
neurons have been a highly investigated region for mediating leptin's fertility actions.  POMC 
neurons project to many different hypothalamic areas, including the GnRH neurons within the 
preoptic area.  They express several important receptors for fertility such as oestrogen and 
leptin receptors (Toda et al., 2017). 
Involvement of the POMC neurons in fertility has shown it interacts closely with the 
negative feedback system of the HPG axis.  POMC knockouts do not show any deficits in 
early reproductive phenotypes like puberty onset or first oestrus (Balthasar et al., 2004).  
However, POMC knockout animals have significantly reduced oestrogen receptor expression 
and compromised oestrogen signalling (Shi et al., 2010).  POMC involvement in oestrogen 
signalling was further supported using selective deletion of oestrogen receptors from the 
POMC neurons.  Female mice presented higher body weights, a blunted effect from leptin 
stimulation and no oestrogen-induced LH and FSH suppression.  The overall negative 
feedback mechanism was impaired, thus compromising normal cycling (Xu et al., 2011).  
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Using obese leptin-deficient animal models and leptin treatment indicates Pomc 
mRNA levels are very dependent on leptin signalling.  Knockouts of leptin receptors from 
POMC neurons produce mild obesity and hyperinsulinemia, further supporting POMC as an 
important leptin responsive neuron population (van de Wall et al., 2008).  Regarding fertility, 
LepR knockout within the POMC using Cre-LoxP technology does not produce fertility 
deficits and is comparable to wild-type animals (Shi et al., 2010).  These deficits may be due 
to compensation by other hormone-stimulated signalling pathways, given dual receptor 
knockout of leptin and insulin receptors resulted in significantly increased mating failure and 
reduced fecundity. LH levels were significantly higher in the POMC-KO mouse model, 
perhaps showing only with all metabolic signalling removed from POMC neurons do 
reproductive deficits appear (Hill et al., 2010).  All current research points to POMC not be 
required for leptin signalling of fertility. 
  
2.4.5 The ventral premammillary nucleus 
 The ventral premammillary nucleus (PMV) is a region of high interest in regulating 
fertility signalling.  Using retrograde tracers which trace neuron projections from the synapse 
to the cell body found PMV based neurons project directly to GnRH and kisspeptin neurons.  
Subsequent lesions of these connections result in decreased activation the GnRH and 
kisspeptin neurons (Chehab, 2014).  Several different neuron populations known to be 
involved in the HPG axis have afferents to the PMV, such as the arcuate nucleus.  Potentially, 
the PMV may be a region that integrates reproductive information like the arcuate integrates 
metabolic information (Cavalcante et al., 2014).  Unlike other regions of interest discussed 
previously which also act to control metabolism, the PMV does not appear to have any 
metabolic regulatory function. 
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Leptin receptors are densely located in the PMV, so it is surprising that the brain area 
only recently become a region of interest for leptin researchers.  The recent findings show 
promise of the PMV mediating leptin’s fertility actions.  A study by Donato (2011) showed 
leptin acts on the PMV to propagate leptin's fertility action.  Leptin receptor deficiency 
resulted in infertility and obesity, but reintroduction of leptin receptors into the PMV within 
total brain leptin receptor knockouts models ('null' mice) resulted in puberty proceeding and 
fertility partly restored.  The PMV is most likely a sufficient nucleus for leptin's fertility 
function (Donato et al., 2011) but it may not be necessary, given the previously-discussed 
finding that glutamatergic neurons are not required for fertility (Zuure et al., 2013). 
Several distinct neuronal subpopulations within the PMV are of particular interest and 
linked to fertility and GnRH pulsatility (Ratra & Elias, 2014). These include Nitric oxide 
(NO) and PACAP neuronal populations.  These populations will be reviewed in greater detail 
in chapter 2.4.7 and 2.5. 
 
2.4.6 Galanin like peptide (GALP) neurons 
As these neurons are exclusive to the arcuate nucleus, galanin like peptide (GALP) 
neurons may be targets for leptin signalling (Seth et al., 2004; Rich et al., 2007).  Several 
different methods such as immunohistochemistry have shown GALP neurons do express 
leptin receptors.  Absence of leptin signalling causes a reduction in Galp mRNA, with leptin 
re-administration restoring normal Galp mRNA levels (Evans & Anderson, 2012).  Fertility 
wise, GALP infusion via the lateral ventricles can increase plasma leptin and LH levels and 
rescue fertility in diabetic mice.  Unlike most other potential targets, these effects were only 
seen in males rather than females (Rich et al., 2007).  Although some evidence is present, 
more research is required to understand GALP’s function in reproduction. 
 
CHAPTER 2: LITERATURE REVIEW 
 
30 
2.4.7 Nitric oxide neurons 
 Nitric oxide neurons have been implicated in reproductive function.  Acting on the 
cGMP biochemical pathway, NO is an inhibitory signal onto the GnRH neurons.  
Electrophysiological recordings of GnRH neurons show pulsatility is inhibited with NO 
addition, with replication of NO addition in vivo resulting in a blocking of the LH surge.  
Further studies implicate NOS as one of the neurotransmitters used to mediate oestrogen 
negative feedback and glutamate regulation of the GnRH neurons (de Tassigny et al., 2007; 
Bellefontaine et al., 2011).  Knockout models of NOS isoforms produce infertility, reduced 
fecundity and impaired oestrus cycling (Drazen et al., 1999; Gyurko et al., 2002).   
 The link of NO to leptin in fertility is not strongly defined yet.  Leptin regulates the 
production of NO, via inhibiting the NOS enzyme to reduce NO production.  Leptin deficient 
mice which are obese do present elevated NO levels (Becerril et al., 2019).  As previously 
stated, leptin induced LH increases may be modulated by the preoptic population of NOS 
neurons via the PMV region (Bellefontaine et al., 2014).   The mechanism by which leptin 
may act is through inhibiting the synthase, as knocking it out abolishes leptin-induced LH 
increase (Becerril et al., 2019).  The link between these signallers requires further 
establishing. 
 
2.4.8 Cocaine and amphetamine regulated transcript (CART) neurons 
 Several different populations of neurons express CART, which acts as an inhibitory 
signaller for the metabolic and fertility pathways.  CART is expressed in the Arc, PVN, LHA, 
DMH and a small population in the PMV.  Retrograde and anterograde tracing of CART 
neurons show significant innervation of the GnRH and AVPV kisspeptin neurons across both 
sexes.  Signalling from CART onto the GnRH neurons can cause a reduction in pulsatility 
(Rondini et al., 2004).   
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 Due to the large degree of connectivity onto leptin responsive metabolic and 
reproductive neuron populations, CART neurons have been investigated for possible 
interactions with leptin.  CART expression does decrease in an energy deficient state and in 
leptin deficient animal models (Rondini et al., 2004; True et al., 2017).  It must be stated that 
CART expression in rodent is very different from primates and humans, as CART strongly 
colocalises in POMC neurons in rodents compared to in primates where only 4% of POMC 
neurons express CART (True et al., 2017).  There is a potential role of CART in leptin 
signalling of fertility, but further experiments are required with a greater focus needed on 
other species like primates. 
 
2.4.9 RFamide-related peptide 3 neurons 
 Initially identified in birds, RFamide-related peptide 3 (RFRP-3) or gonadotrophin 
inhibitory hormone (GnIH) neurons are a potential target of leptin.  Predominately located in 
the DMH, they project to various regions including the preoptic GnRH neurons, the arcuate 
nucleus and the PVN.  As a peptide, RFRP-3 increases food intake as chronic infusion 
increases body mass via decreased energy expenditure.  RFRP-3 acts on the AgRP and 
POMC neurons to inhibit them (Moriwaki et al., 2020). 
 The reproductive actions of RFRP-3 are sexually dimorphic.  A mammalian knockout 
of its receptor caused increased Kiss1 mRNA, thus promoting high FSH and LH levels (Leon 
et al., 2014).  Only in females was this effect present with a chronic infusion into male mice 
produced no significant reproductive effects (Moriwaki et al., 2020). 
 Despite the relatively high expression of leptin receptors in the DMH, very few RFRP-
3 neurons interact with leptin.  Leptin does cause an increase in activity of an RFRP-3 cell 
culture line as indicated using calcium imaging (Ozcan et al., 2015).  But data from leptin 
deficient models or providing a high-fat diet to increase leptin levels shows no significant 
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impact on Rfrp mRNA levels.  The current understanding is RFRP-3 neurons do not link the 
GnRH to leptins fertility function (Rizwan et al., 2014).   
 All these different populations present potential targets for leptin.  Some such as the 
AgRP and GABA neurons are of great importance to the leptin signalling pathways compared 
to the glutamate and POMC populations. These findings have been the work of many 
different labs trying to elucidate the leptin pathway, such as the Anderson lab in Dunedin.  In 
contribution to this work, a well-established population of neurons has recently become of 
great interest to the field, and will now be the focus of the review. 
 
2.5 Pituitary adenylate cyclase-activating polypeptide 
(PACAP) 
 
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a highly expressed 
trophic peptide (Miyata et al., 1989).  First isolated from the ovine hypothalamus in 1989, it is 
widely utilised throughout the body and is highly conserved across many species.  PACAP is 
encoded by the Adcyap1 gene on chromosome 18 and mainly functions as a potent stimulant 
for the cAMP and PLC biochemical pathways (Kanasaki et al., 2016a), acting through its G 
protein-coupled receptor PAC1 (Figure 2.5).  Due to the high concentration of PACAP 
located in the nervous system, it has been associated with numerous functions.  These include 
neuronal differentiation, neuron plasticity, circadian photoentrainment, insulin release, 
embryonic development spermatogenesis and possibly infertility (Vaudry et al., 2000; 














Figure 2.5: PACAP cell signalling pathway for its receptors PAC1, VPAC1 and VPAC2.  
PACAP can act on several receptors like PAC1, VPAC1 and VPAC2.  All are G protein-
coupled receptors and signal cAMP/PKC pathways.  Figure was taken from (Fang et al., 
2020). 
 
PACAP belongs to peptide hormone family; these hormones include secretin, 
glucagon, and vasoactive intestinal peptide (VIP).  In particular, VIP and PACAP share high 
gene sequence homology. As a result, PACAP also signals through the VPAC1 and VPAC2 
receptors (Rawlings & Hezareh, 1996).  It is important to note that PACAP exists in two 
isoforms spliced from a pro-PACAP precursor; PACAP-27 and PACAP-38.  The isoform 
PACAP-38 and the receptor PAC1 are the most abundant within the brain and will hence be 
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2.5.1 PACAP in the hypothalamus 
Immunohistochemistry and in situ hybridisation images present PACAP expression 
across numerous brain regions, but its highest brain concentration pertains to the 
hypothalamus.  Several hypothalamic nuclei contain PACAP positive cell bodies or 
immunoreactive PACAP fibres projecting into them (Hannibal, 2002).  Older studies have 
used methods that require colchicine pre-treatment to prevent axonal transport, thus limiting 
the staining for PACAP to the cell body (Hannibal et al., 1995; Sherwood et al., 2007).  More 
recent studies using different methodologies such as EGFP tagging to PACAP have found 
strong localisation of PACAP to the hypothalamus (Condro et al., 2016). Currently, the most 
consistently identified regions of PACAP cell bodies are the paraventricular nucleus (PVN), 
VMH, Arc, POA and the mammillary bodies (MM).  Immunoreactive fibres of PACAP are 
highly dense at the median eminence and the suprachiasmatic nuclei (SCN) (Koves et al., 
2020).  The total expression of PACAP varies by nuclei.  PACAP-EGFP staining in the 
mammillary bodies and the VMH was much stronger than in the arcuate nucleus or the PVN 
(Condro et al., 2016; Bozadjieva-Kramer et al., 2021).  Currently known functions for 
PACAP within the hypothalamus are numerous, including thermoregulation and circadian 
entrainment and calibrating an organism’s biological clock.  PACAP also has a role in 
metabolic signalling and the production/secretion of numerous hypothalamic and pituitary 
hormones (Michel et al., 2006; Riedel et al., 2020). 
 Despite the high conservation of PACAP across many species, from insects to 
mammals, PACAP expression and functional importance vary by species in the hypothalamus 
(Vu et al., 2015).  PACAP's role in mammals like rats and mice suggests it is an important 
peptide signaller.  Similar studies in other animals like ewes however, show no significant 
effects on areas like reproduction unless greatly overexpressed (Sawangjaroen et al., 1997).  It 
also varies by sex, as male rat analysis found a much lower PACAP staining density than 
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female rats in particular reproductively important regions such as the anterior pituitary gland.  
The difference extends to functionality, and RNAscope experiments showed that PACAP-
encoding mRNA (Adcyap1) alters in abundance during the rat oestrus cycle (Koves et al., 
2020). 
As the current experiment's main focus was to investigate leptin signalling for fertility, 
this review focuses on how PACAP is involved in the two main functions of leptin; namely 
metabolism and fertility.  
 
2.5.2 PACAP actions on metabolism 
Regions associated with metabolic signalling in the brain have shown PACAP and the 
PAC1 receptor present.  In situ hybridisation of the arcuate nucleus, VMH and LHA have 
indicated Adcyap1 and PAC1 mRNA, with stronger staining found in the VMH region (Iwasa 
et al., 2016).  Current understanding of PACAP's role in metabolically associated nuclei is 
challenging to elucidate.  Experimental evidence is present for both PACAP as an orexigenic 
or an anorexigenic signaller. 
PACAP hypothalamic injections are found to reduce food intake by facilitating an 
increase in Pomc mRNA and plasma glucose concentration (Mounien et al., 2009).  A link 
between brain glucose sensing and PACAP may exist, as a subset of PACAP neurons in the 
VMH were shown to be inhibited by glucose and act to promote hyperglycaemia (Khodai et 
al., 2018).  PACAP expression is upregulated with overeating behaviours and down-regulated 
during extended periods of food deprivation (Gargiulo et al., 2019).  Fasting caused a 
reduction in PAC1 mRNA throughout the rat hypothalamus (Iwasa et al., 2016).  The most 
recent research finds that PACAP has an important metabolic role in the MBH.  Using MBH 
specific PACAP knockout caused both male and female mice to have compromised glucose 
clearance and energy metabolism, causing severe obesity.  PACAP may be required to 
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maintain energy homeostasis (Bozadjieva-Kramer et al., 2021).  These findings propose 
PACAP is an anorexigenic signaller.  
There is contradictory evidence supporting the idea that PACAP may function as an 
orexigenic signaller.  Use of chemogenetic stimulation via channel rhodopsin expression has 
found the PACAP neurons of the PVN synapse directly with the AgRP neurons and cause 
intense feeding when stimulated (Krashes et al., 2014).  What may be a more accurate 
interpretation is that in normal times PACAP acts as an anorexigenic peptide, but in particular 
energy states PACAP may switch to being orexigenic.  A lot of research has found PACAP 
upregulation during binge eating and as such it may serve to regulate that energy state (Nakata 
et al., 2004; Hurley et al., 2016).  During overeating or diet-induced obesity, Adcyap1 mRNA 
is also upregulated with a positive correlation to the level of food intake (Hawke et al., 2009; 
Gargiulo et al., 2019). 
PACAP can potentially act as both an anorexigenic and orexigenic hormone, 
depending on which region PACAP is expressing and time of day.  Comparing PACAP in 
AgRP and POMC neurons in mice, studies found PACAP modulates both populations 
differently, resulting in diurnal and nocturnal eating changes.  When PACAP was 
overexpressed, Pomc mRNA was increased.  Contrastingly, Agrp mRNA was higher during 
the nocturnal period in the same condition.  Facilitated stimulation via channel rhodopsin of 
PACAP neurons in the PVH can activate the AgRP neurons and induce feeding.  PACAP's 
function may be region-specific to attain greater control over appetite (Krashes et al., 2014; 
Nguyen et al., 2020). 
Current understanding suggests PACAP normally serves as an anorexigenic signaller, 
regulating glucose levels and the intake of carbohydrate rich food.  When deviations in 
metabolism occur, PACAP begins to change its signalling or become more active such as 
during binge eating or obesity (Gargiulo et al., 2019).    




2.5.3 PACAP actions on fertility 
Research into the role of PACAP on fertility has been limited.  As PACAP is highly 
expressed and functions throughout the body, whole body knockouts of PACAP have a very 
high mortality rate resulting from impaired thermoregulation (Jamen et al., 2000; Yeo & 
Colledge, 2018).  PACAP involvement in the brain is highly linked to its action in 
thermogenesis, which appears to confound experiments with PACAP knockouts (Sherwood et 
al., 2007).  Given its homology with VIP, the actions of PACAP and VIP may be 
interchangeable and confound what roles PACAP actually has (Christian & Moenter, 2010).  
Additionally, most of the research analysing PACAP's reproductive functions has focused on 
the peripheral nervous system and local effects on the gonadal organs, the highest 
concentration of PACAP throughout the body being within the gonads (Yan et al., 2020).  
PACAP across both sexes plays several roles in the gonads, including promoting 
spermatogenesis, steroidogenesis of multiple hormones like testosterone (Reglodi et al., 2018) 
and survival of luteal-granulosa cells (Morelli et al., 2008).  However, some papers have 
looked for PACAP’s role in central reproductive mechanisms. 
Within the hypothalamus, expression of Adcyap1 or PAC1 mRNA is found to be in 
key neuron populations involved in fertility, such as the GnRH, kisspeptin and AgRP neurons 
(Hurley et al., 2016).  Studies using successful PACAP knockouts or PAC1 receptor 
knockouts have found fertility is impaired centrally.  Investigations of mouse PAC1 
knockouts found females have a reduced frequency of mating, fecundity and a dysregulated 
oestrus cycle despite normal gonadotropin release (Jamen et al., 2000; Shintani et al., 2003; 
Ross et al., 2018).  Adcyap1 mRNA expression appears to vary based on the stage of the 
oestrus cycle, with PACAP expression at its peak 3 hours before proestrus occurs (Moore Jr et 
al., 2005).  Using an oligodeoxynucleotide (ODN), which prevents protein expression, for 
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PAC1 in female rats caused a delay in the average age of vaginal openings and a reduction in 
the number of expelled ova in the first ovulation, and the overall weight of the anterior 
pituitary (Choi et al., 2000; Szabo et al., 2002).  Current literature indicates in females, 
PACAP acts to delay puberty onset while research into males is limited but shows no 
difference in infertility.   The sexual dimorphic effect may be linked to PACAP gene 
expression being tied to oestrogen.  Upstream of the Adcyap1 gene are several oestrogen 
response elements that signalling will induce the expression of.  Given these elements, 
PACAP expression may be higher in females, have a significantly greater impact and could be 
linked to oestrogen negative feedback (Ramikie & Ressler, 2016). 
 
2.5.4 PACAP actions on LH, FSH and GnRH. 
 Current understanding of PACAP actions on reproductive hormones suggests its 
effects are very complex.  Within the pituitary gland, PACAP receptors are expressed on both 
anterior and posterior pituitary cells (Koves et al., 2020).  In vitro studies of rat pituitary cells 
found PACAP administration caused a dose-dependent increase in LH secretion, with these 
cells showing a large accumulation of intracellular cAMP (Miyata et al., 1989; Osuga et al., 
1992).  These changes are persistent for up to 4 hours, suggesting PACAP signalling is long-
lasting (Hart et al., 1992).  Injections of PACAP into the male rat hypothalamus in vivo 
causes an increase in LH and FSH secretion (Osuga et al., 1992).  As  PACAP 
immunoreactive fibres have been detected in the median eminence, PACAP could signal the 
anterior pituitary cells via the portal blood system to secrete these hormones (Rawlings & 
Hezareh, 1996).  Most recently, PACAP injections into HFD induced obese male mice found 
major reproductive hormones like LH, FSH and testosterone to be increased.  Oestrogen 
levels also decreased within the model as well (Yan et al., 2020).  
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 The effect of PACAP on LH may only be a temporary stimulation however, as some 
papers have contradicted the previous findings. Studies in vitro on ewe pituitary cells found 
PACAP administration had no effect on LH or GnRH, regardless of pre-treatment.  A slight 
increase was found with FSH secretion, but only under concentrations beyond PACAP's 
normal physiological range (Sawangjaroen et al., 1997). In contrast, ICV injection of PACAP 
into ewes reduced LH pulse amplitude, the number of LH pulses and overall LH secretion, 
acting via the arcuate nucleus (Anderson et al., 1996).  PACAP-38 ICV injection into female 
rat hypothalamus during proestrus caused the preovulatory surge to be inhibited (Kantora et 
al., 2000).   
PACAP may act in a stimulatory manner normally, and in an inhibitory manner during 
critical fertility junctions like the LH surge.  However, this varies based on which 
hypothalamic nuclei is being signalled, the sex and species and the timing. It is important to 
note that PACAP expression has been shown to vary based on the oestrus cycle phase.  
PACAP expression in the middle of the rat PVN is at its peak during the morning of 
proestrus, several hours before the LH surge occurs.  The expression of PACAP is relatively 
low in other phases such as diestrus (Moore Jr et al., 2005).  These factors further add a 
degree of complexity to PACAP actions. 
The interaction between GnRH and PACAP has been a recent target of research 
(Figure 2.6). The current hypothesis is that PACAP and GnRH regulate each other (Kanasaki 
et al., 2016b). ICV injection of PACAP into the lateral ventricle caused a significant increase 
in Gnrh mRNA, while a PACAP antagonist caused a reduction of similar magnitude to the 
increase (Li et al., 1996). Using an ODN in female rats to block PAC1 mRNA suppressed 
GnRH expression and LHβ during proestrus (Choi et al., 2000). The work of the Kanasaki lab 
highlights the close interaction of PACAP and GnH.  Using a GnRH cell line GT1-7 and 
PAC1R vector insertion, PACAP stimulated GnRH receptor mRNA similar to kisspeptin 
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(Kanasaki et al., 2013).  Low-frequency GnRH pulsatility increases levels of Adcyap1 and 
PAC1 mRNA (Kanasaki et al., 2016b). The actions of PACAP to GnRH neurons may be 
direct. 
 
2.5.5 Indirect actions of PACAP 
Some evidence suggests that PACAP instead acts indirectly on the HPG axis via other 
regulating nuclei.  The presence of PACAP may potentiate kisspeptin actions on the GnRH 
neurons.  Studies using GT1-7 neuronal cell lines which simulate GnRH neurons found when 
PACAP and kisspeptin (in its shortest isoform Kp10) was co-administrated, the cAMP/PKA 
pathway activation was higher than with only Kp10 or with only PACAP administration 
(Kanasaki et al., 2013).  In both arcuate and AVPV kisspeptin cell culture models, when 
PACAP was administered, Kiss1 mRNA was increased (Tumurbaatar et al., 2019).  Whether 
these findings can be replicated in vivo has not been determined, but a positive interaction has 
been suggested (Koves et al., 2020). 
PACAP may regulate the actions of progesterone and oestrogen on the HPG axis.  
Progesterone with or without oestrogen increased Adcyap1 and PAC1 mRNA in regions 
localised to the MBH; arcuate nucleus, median eminence and the VMH.  Hypothalamic 
regions in the preoptic area saw an increase in specific isoforms of the PAC1 receptors.  An 
ODN to PAC1 mRNA in both regions caused a reduction in GnRH bought about by 
progesterone induction.  PACAP may be one of the mediators for progesterone's effect on the 
GnRH neurons (Ha et al., 2000). 




Figure 2.6: Current model of PACAP’s involvement in regulation of the GnRH neurons.  
PACAP can act directly via PVN PACAP neurons.  Indirectly, PACAP can regulate CRH 
neurons and POMC neurons.  PACAP neurons from the mammillary bodies (MM) may act on 
the kisspeptin (KP) pulse generator to control GnRH pulsatility. Retinal PACAP may regulate 
the AVP neurons of the SCN to act on kisspeptin neurons of the periventricular zone.  Eα – 
oestrogen receptor α, Eβ – oestrogen receptor beta, KP – kisspeptin, CRH – Corticotrophin 
releasing hormone, Pe – periventricular area, PR – progesterone receptor.  Figure from 
(Koves et al., 2020).   
 
2.5.6 Leptin and PACAP 
 Since PACAP has roles in both metabolism and fertility, potentially leptin and 
PACAP might interact with each other due to shared functions.  PACAP knockouts appear to 
attenuate the satiety signals of leptin when exogenously given in mice.  These knockouts also 
show reduced food intake and body weight decrease (Tanida et al., 2013).  Within the 
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hypothalamus, leptin signalling alters Adcyap1 mRNA levels, with leptin receptor knockouts 
significantly lowering Adcyap1 mRNA expression in the VMH (Hawke et al., 2009).  The 
VMH, in particular, may be where PACAP and leptin act cooperatively on the same 
downstream pathway due to the strong localisation of PACAP and leptin receptors in this 
region (Bozadjieva-Kramer et al., 2021).  The addition of PAC1 antagonists such as PACAP6-
38 to the VMH prior to leptin injection reduces the intensity of pSTAT3 staining.  A combined 
PACAP and leptin administration increases VMH expression of factors like BDNF and 
SOCS3 (Hurley et al., 2020). Overall, PACAP may potentially be a downstream target of 
leptin signalling or act cooperatively together in signalling metabolism (Hawke et al., 2009). 
 Only recently has a paper found PACAP is involved in the fertility aspect of leptin 
signalling.  A paper by Ross et al. (2018) generated a mouse model which selectively knocked 
out the Adcyap1 gene in leptin-responsive PMV neurons.  Without PACAP in these neurons, 
an apparent dysregulation of the oestrus cycle was shown. LH levels were reduced, with the 
vaginal opening and the first oestrus delayed by several days.  Consistent with previous 
fertility findings using of PAC1 knockouts in mice (Jamen et al., 2000; Shintani et al., 2002), 
the number of pups born was significantly lower than controls.  Attempting to restore LH 
secretion with leptin only restored a portion of the LH secretion.  The PACAP neurons of the 
PMV were identified as glutamatergic and synapsed with crucial regions like the arcuate and 
kisspeptin neurons.   
Ross's findings suggest PACAP neurons are essential targets of leptin signalling for 
fertility (Ross et al., 2018).  It must be noted that the Ross study only found female-specific 
findings and does not indicate PACAP's importance to the leptin signalling pathway in non-
PMV cells.  Whether PACAP in other regions is necessary or sufficient for leptin signalling 
for fertility in either sex remains to be tested. 
 




 The overarching aim is to investigate whether PACAP is involved in leptin's 
signalling of fertility.  Recent evidence by the Ross lab suggests PACAP is essential to the 
HPG axis, perhaps mediating leptin signals which transmit through the PMV region to 
regulate the GnRH neurons (Ross et al., 2018).  Using the Cre-LoxP system of transgenics, 
we can manipulate the expression of leptin receptors (LepR) from specifically PACAP 
neurons.  By either removing or rescuing leptin receptors only in PACAP neurons, we can 
determine how essential if PACAP signalling is to mediating leptin's fertility signal.  The aim 
will require two main experiments. 
Our first experiment aimed to determine whether PACAP neurons are necessary for 
leptin signalling of fertility.  By removing leptin receptors from PACAP neurons by crossing 
Adcyap1-Cre and LepR-flox mice, we can test the role of leptin-PACAP signalling by 
assessing whether the animal is able to achieve various reproductive milestones such as 
normal puberty onset and oestrus cyclicity.  The hypothesis for the experiment was that 
PACAP neurons will be required for leptin signalling of fertility. 
Our second experiment aimed to test whether PACAP neurons are sufficient for leptin 
signalling of fertility. Instead of a floxed LepR gene, this experiment will use a floxed stop 
sequence upstream of the LepR to prevent all leptin receptors specifically within the brain 
from being expressed.  By crossing Adcyap1-Cre and LepR-stop sequence-flox mice, only the 
PACAP neurons will be able to express functional leptin receptors because the stop sequence 
will be excised.   From the model, we can determine PACAP by itself can propagate leptin’s 
fertility signals.  Given the association of PACAP as a neurotrophic factor, the hypothesis for 
the experiment was that PACAP will not be sufficient for leptin signalling of fertility. 
The third experiment aimed to investigate the expression of PACAP neurons across 
post-natal development.  The Cre-LoxP model is very effective at achieving the expression of 
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proteins without invasive methods and looking at it across a long time period.  Very few 
studies have investigated central PACAP expression over the early development period.  
PACAP is linked to development of the embryo, and its sudden expression could be linked to 
developmental milestones.  For these reasons, the third experiment was performed.  The 
PACAP-Cre mice were instead crossed to a mouse line containing a floxed GFP protein 
located in the tau gene, thus allowing for PACAP expression to be observed in all PACAP 
neurons.  Our hypothesis was that PACAP expression would change over time for particular 
regions strongly linked to its numerous functions. 
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3. Research Design 
3.1  Experimental Synopses 
 
 
3.1.1 Are PACAP neurons necessary for leptin actions on normal fertility? 
Leptin signals to many different neuronal populations. Cre-loxP transgenic methods were 
used to generate a mouse model in which all leptin receptors are functional except in neurons 
which express the PACAP gene, thus removing leptin signalling from only PACAP neurons.  
All other signalling is conserved (Figure 3.1).   
 
Figure 3.1: Graphical depiction of PACAP neuron-specific leptin receptor 
knockout.  This experiment addresses the question of whether PACAP signalling is 
necessary for puberty onset and fertility. Leptin signals to multiple neuron populations 
like AgRP and GALP.  In the mouse model we created for this experiment, all neuronal 
populations except for those that express the PACAP gene contain functional leptin 
receptors, indicated in yellow.  As a result, all other neuron populations can successfully 
convey leptin signals to the HPG axis (indicated in green).  PACAP neurons cannot and 
the question arises if normal puberty onset and fertility can be achieved without this 
pathway of leptin signalling. 




To test if leptin signalling via PACAP neurons is required for puberty onset and 
fertility, a transgenic PACAP-specific leptin receptor knockout mouse line was created.  Mice 
expressing Cre-recombinase enzyme in only PACAP neurons were crossed with mice 
containing a floxed leptin receptor (LepR) gene.  The PACAP-Cre line (Jackson Labs) 
features a F2A sequence (which enables the co-expression of more than one protein from a 
single gene promoter) and Cre recombinase gene insertion directly before the Adcyap1 stop 
sequence.  The leptin receptor-flox line was generated by insertion of lox-P sites around exon 
1 of the LepR gene.  When excised via Cre-recombinase, this renders the entire leptin receptor 
unable to bind the ligand or signal (Cohen et al., 2001; Egan et al., 2017a).  As PACAP 
neurons are the only neurons expressing the Cre enzyme, animal with both mutations will 
cause PACAP expressing neurons to not have functional leptin receptors (see Figure 3.2) 
while other neuronal populations will still contain fully working leptin receptors.   
To produce offspring with the knockout phenotype, homozygous PACAP-Cre animals 
were crossbred with homozygous LepR-flox animals, and the offspring were then back-
crossed with homozygous LepR-flox animals to produce the experimental mice.  As a result, 
only offspring homozygous for LepR-flox and positive for PACAP-Cre were used in the 
knockout group.  Controls were animals which were homozygous for LepR-flox, but had no 
expression of Cre recombinase.  Both groups underwent the same metabolic and reproductive 
assessments. 
 






3.1.2 Are PACAP neurons sufficient for leptin actions on normal fertility? 
Cre-loxP transgenic methods were used to create mice in which leptin signalling is 
only successful in PACAP neurons.  In this experimental paradigm, only PACAP neurons 
have functional leptin receptors compared to the other neuronal populations in which leptin 
receptors are knocked out.  Hence, only PACAP neurons are capable of conveying leptin 
signalling to the HPG axis (Figure 3.3). 
 
Figure 3.2: Knockout of leptin receptors from PACAP neurons in the brain. In one of 
the parent mice, the PACAP-encoding Adcyap1 gene is engineered to also produce Cre-
recombinase and the F2A sequence.  The other parent expresses Lox-P sites surrounding 
exon one of the leptin receptor gene.  When both mice are crossed (indicated by the X 
mark), offspring which are positive for Cre and homozygous for LepR-flox will cause the 
leptin receptor exon to be removed and causing dysfunctional leptin receptors within the 
PACAP expressing neurons.  As a result, these offspring have normally functional leptin 
receptors in all other neuron populations, except for PACAP neurons. 





Figure 3.3: Graphical depiction of PACAP neuron-specific ‘rescue’ experiment.  The 
experiment addresses the question of whether PACAP signalling is sufficient for puberty 
onset and fertility.   Many different neuronal populations have leptin receptors and are part of 
the leptin signalling pathway.  However, to see if only PACAP neurons are sufficient for 
leptin’s permissive actions on the HPG axis, all other neuronal populations contain 
dysfunctional leptin receptors (indicated in yellow).  Only PACAP neurons can act as an 
intermediary neuronal population for the leptin signal, as shown with only the PACAP neuron 
producing the green regulatory signal.  Whether the model achieves various fertility measures 
is the focus of the proposed experiment.  
 
To test whether PACAP neurons are sufficient to signal leptin actions to the HPG axis, 
a different transgenic line was used.  A mouse line with the leptin receptor containing a floxed 
transcription stop sequence (multiple polyadenylation signals) was crossed with the PACAP-
Cre mouse line used in the knockout experiment.  The LepR Stop-flox line was generated by 
insertion of a floxed stop sequence upstream of exon 17 of the leptin receptor.  In animals 
with the insertion, no functional leptin receptors are produced in any neuron population as 
LepR transcription is prevented.  In cells in which Cre is expressed as well, the enzyme 
excises the stop sequence thus allowing for complete expression of functional leptin receptors 
in those cells (see Figure 3.4).   
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Due to leptin receptor knockouts being infertile, the parent generation was 
heterozygous for LepR-stop-flox and crossed with PACAP-Cre animals. Offspring expressing 
both mutations were then mated with each other to produce experimental mice with 
homozygous LepR-stop-flox expression.  Offspring which are heterozygous or homozygous 
for Cre and homozygous for LepR-stop flox will have expression of LepR solely in PACAP 
neurons.  These animals are the ‘rescue’ group.  A ‘null’ control group was also created; these 
animals were homozygous for LepR stop-flox but negative for Cre.  An intact control group 
was made up of animals which did not have any leptin receptor mutation, but did express Cre. 
 
Figure 3.4: Rescue of leptin receptors only to PACAP neurons in the brain.  One parent 
expresses Cre in PACAP-encoding Adcyap1 cells while the other parent expresses a floxed 
transcription stop sequence upstream of the leptin receptor.  When crossed, offspring with 
both gene mutations will have the Cre excise the stop sequence by cleaving the loxP sites, 
causing normal leptin receptor expression to occur.  Hence, only PACAP neurons will express 
functional leptin receptors as these neurons are the only ones with the Cre enzyme.   
 
3.1.3 PACAP expression throughout mouse development  
Expression of PACAP during early development into adulthood has not been 
described in the literature previously.  An effective way to view the neurons that have ever 
expressed PACAP is the use of fluorescent proteins like GFP.  To show PACAP expression 
over time with GFP, PACAP-Cre mice were crossed with Cre-dependent Tau-GFP animals.  
Tau is a highly expressed cytoskeletal protein that is expressed throughout the entire structure 
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of a neuron.  With GFP tagged to tau, the whole neuron can be fluoresced and observed 
(Dehmelt & Halpain, 2005).  By crossing these animals, offspring positive for Cre 
recombinase and either heterozygous or homozygous for Tau-GFP will show fluorescence in 
PACAP neurons (Mayer et al., 2010; Wen et al., 2011).  However, it should be noted that 
since GFP gene expression continues in cells once activated by Cre, even if the Adcyap1 gene 
is only transiently expressed, the stated Cre-dependent reporter system would not be able to 
reveal a developmental decrease in PACAP expression.   
The specific times chosen for observing PACAP expression were postnatal day 0/1, 
day 7/8, time of vaginal opening or preputial separation and time of first oestrus/adulthood.  
These times were chosen due to the high amount of brain development occurring during these 
times, and the key activation of the hypothalamus that occurs in particular during puberty and 
first oestrus.  Both males and females were taken at these points.    
Figure 3.5: PACAP neuron-specific expression of GFP diagram.  The PACAP encoding 
Adcyap1 gene which also expresses Cre-recombinase is crossed with a Cre-dependent tau-
GFP transgenic line.  A stop sequence flanked by lox-P sites (in pink) prevent the expression 
of GFP which is tagged to Tau.  In offspring that contain both Cre and the tau-GFP mutation, 
the Cre will cleave the Lox-P sites to remove the stop sequence and thus allow for tau to be 
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3.2  Animals 
All animals used were mice from a C57BL/6J background strain, housed in the 
University of Otago animal housing facilities. PACAP-Cre mice (catalogue # 030155), leptin 
receptor-floxed mice (catalogue # 008327) and mice with a floxed transcription blocking 
sequence upstream from the leptin receptor (catalogue # 018989) were purchased from The 
Jackson Laboratory (‘Jax’, Maine, USA) and bred onsite. Cre-dependent tau-GFP reporter 
mice were obtained from Profs Allan Herbison and Uli Boehm. Further details about these 
mice are provided below. Mice were provided with individually ventilated cages, each cage 
containing nest building material, a plastic tube and a chewing wood item.   Food and water 
were available ad libitum.  The facility was kept at 22 °C, with room lights programmed to 
provide a dark/light cycle of 6:30 h (lights on) to 18:30 h.  All animal experimentation and 
protocols were reviewed and approved by the University of Otago Animal Ethics Committee. 
As post-natal day zero and day 7 animals were used, a different sex identification was 
required for the younger animals.  To distinguish males and females, the perineum 
pigmentation spot method was used.  C57BL/6J male mice have a pigmented spot between 
the papilla and the anus which is present at day zero, compared to C57BL/6J female mice 
which do not.  The spot is an easy and effective method of determining sex in day old mice 
(Wolterink-Donselaar et al., 2009). 
 
3.3  Genotyping 
3.3.1  DNA collection, lysis and extraction 
 Tail tips were used to genotype animals upon weaning age.  In some cases, genotyping 
of animal’s post fixation utilised brain slices, or any remanent tissue such as ear biopsies.  
Mouse tissue was collected in microcentrifuge tubes, and digested with 600 l lysis buffer 
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and 5 l proteinase K (see Appendix B).  Digestion occurred overnight at 55°C in a heating 
block. 
The following day, the solution was inverted and re incubated for 1 hour at 55°C.  The 
solution was centrifuged for 8 minutes at 20,000 x g at room temperature in a 
microcentrifuge. The supernatant of each tube was transferred to new labelled tubes 
containing 600 l isopropanol.   The new tubes were centrifuged again for 5 minutes, the 
supernatant removed and the remaining pellet resuspended in 200 l of TE buffer (see 
Appendix B).  For 1 hour, the solution was incubated in a heating block at 55°C. 
 
3.3.2  PCR reaction 
 The extracted DNA was centrifuged for 5 minutes at 20,000 x g at room temperature 
before being added to a polymerase chain reaction PCR mixture.  The PCR mixture is detailed 
in Table 3.2.  Each mixture was varied depending on primers and number of tubes for the 
PCR reaction.  
 
Table 3.1 PCR reaction mixture 
 
Reagents  ul/mixture 
2X Ready Mix 12.5 
Primers at 10M stock conc (foreword) 0.25 
Primers at 10M stock conc (reverse) 0.25 
H20 (2 primers used) 4.75 
H20 (3 primers used) 4.5 
H20 (4 primers used) 4.25 
 
23 l of each PCR mixture was added to 1.3 l of DNA from the extracted DNA 
solution.  In addition, a positive control using 1.3 l heterozygous DNA, a wild type control 
using 1.3 l wild type DNA, and a negative control using 1.3 l distilled water was created to 
ensure PCR functioned normally. 
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Each PCR reaction followed the same protocol; 95°C (3minutes), [95°C (30 seconds), 
XX°C (1 minute), 72°C (45 seconds)]x35, 72°C (5 minutes), then holding at 10 °C. (XX°C 
refers to the primer specific annealing temperature, detailed in Table 3.7). All PCR reactions 
were performed used a PCR thermocycling machine.  Once completed, tubes then proceeded 
to agarose gel electrophoresis. 
 




3.3.3  DNA gel and imaging 
A 1.5% agarose gel was prepared 40 minutes in advance of PCR completion.  1.5 g 
agarose was added to 100 l TAE buffer (Appendix B).  The solution was placed in a 
microwave oven on high and heated until the agarose had dissolved.  The new solution was 
allowed to cool down for 20 minutes.  3 l of ethidium bromide was added to the gel solution 
and mixed. The solution was poured into a gel tray to set for >20 minutes, using 20-hole 
Primer 
name 







Mutant Forward: GAA ATT GCA TCG CAT TGT 
CT 
Mutant Reverse: CAG TTG TTT TCT TAG ATG 
CCT GAC  
Wild type Forward: CAG ACT CTC AGC CCA 
GAA GG  
Wild type Reverse: AGA CTT GCC CCC AGA 
TTC TC 
Mutant: 219 bp 
Wild type; 291 bp 








Mutant: ~300 bp 
Wild type: ~250 bp 






Common Forward: TGG CTT TTA AGC TCT 
GCA GTC 
Wild type Reverse: TAG GGC CAA ACC CAC 
ATT TA 
Mutant Reverse: CCC AAG GCC ATA CAA GTG 
TT 
Mutant: 360 bp 
Wild type: 522 bp 






Wild Type Reverse: 
GCAGATGGAGCGGGAGAAAT 
Reverse: GCTCCTATTGGCGTTACTATG 
Wild type: 600 bp  
Mutant: 400 bp 
heterozygote: 600, 400 
bp 
50oC 
CHAPTER 3: RESEARCH DESIGN 
 
54 
combs to create holes for the subsequent PCR mixture.  The set gel was transferred to a gel 
electrophoresis tank, submerged in TAE buffer with holes orientated to flow from the positive 
to negative end. 
2 l of DNA loading dye was added to each PCR tube mixture.  5 l of 50 bp DNA 
ladder (Invitrogen) was added to the first well, with 10 l of specific PCR reaction mixtures 
added to one subsequent well. The gel was run at 70-80V for 35-40 minutes, or until bands 
had appeared and separated enough.  Gels were analysed under UV light using a gel doc 
analyser (Appendix A). 
 
3.4  Metabolic measurements 
3.4.1  Body weight measurements 
Body weight measurements were performed each week following weaning/genotyping 
at 20 days of age and using the same scale.  A final weight was taken before all fecundity 
studies and euthanasia. 
 
3.4.2  Fat content quantification 
 All visceral/subcutaneous fat measurements were performed post fixation of animals.  
Subcutaneous fat was defined as any fat surrounding the central abdominal and thoraxic 
cavities and appendages, underlying the skin and overlying the musculature, typically white in 
colour.  Visceral fat was defined as fat located within the abdominal and thoraxic cavities, 
typically surrounding key organs like the intestines and kidneys.  Visceral and subcutaneous 
fat was separated using scissors and forceps and weighed individually.  Visceral and 
subcutaneous fat were calculated as a percentage of the lean body weight (total body weight 
minus fat amount times 100), and presented as an average. 
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3.5  Reproductive assessments 
3.5.1  Female reproductive measures 
The first manifestation of puberty is vaginal opening (VO).  An opening on the 
perineum is a first sign of higher activation of the HPG axis.  Hence, female mice were 
scruffed and checked for VO daily from 24 days of age.   
The best and most commonly used sign of female mouse puberty and fertility onset is 
the age of first oestrus.  Once a female has started oestrus cycling, the HPG axis has become 
highly activated and fertility potential is attained.  The main method of observing first oestrus 
is the use of vaginal smears.  Upon clear indication of vaginal opening, smears were begun.  
Using a pipette, 5-8 l of saline was inserted into the vagina.  After ~ 5 seconds, the saline 
was removed and placed onto a glass slide.  The female can be held at the base of the tail and 
smeared without scruffing, thus minimising stress.  All smears were performed between 0900 
and 1100 h for consistency.  Once the smear was dried, a drop of 0.05% toluidine blue was 
added to stain the epithelial cells. 
In addition to the timing of puberty onset, the pattern of oestrus cycling can indicate 
whether the HPG axis is correctly functioning.  Rodents have 4 phases of an oestrus cycle that 
can be analysed using cytological methods.  Each phase in the mouse has several identifiable 
characteristics.  The proestrus phase is defined by large numbers of small round/oval 
nucleated cells and some large cornified epithelial cells.  The oestrus phase is dominated by 
large cornified epithelial cells, which often clump together.  The metestrus and diestrus phases 
are very similar; either very few cells or a high number of small polymorphonuclear cells.  As 
a result, the metestrus/diestrus phases were grouped.  The cycle length was calculated using 
the time between two phases of oestrus.  Where more than one cycle was observed, the 
average cycle length was calculated by averaging all cycles for each mouse, and this was then 
used to calculate the group average. 



























Figure 3.6 Representative smears of each stage of mouse oestrus cycle. (A) A proestrus 
smear example, as indicated by the small nucleated epithelial cells in the smear. (B) An 
oestrus smear example, characterised by the high number of large cornified epithelial cells.  
(C) A metestrus stage smear with a significant number of small polymorphonuclear cells.  (D) 
A diestrus stage very similar to the metestrus stage.  Images taken from (Sugiyama et al., 
2021). 
 
3.5.2  Male reproductive measures 
 Unlike females, male mice have fewer observable phenotypes that indicate the HPG 
axis is active and fertility is achieved.  The easiest and most used for male puberty onset is 
preputial separation.  The penis of male mice is connected to the prepuce, and during puberty 
it will separate.  Upon placing gentle pressure around the male mouse’s prepuce, the penis 
should protrude given separation has occurred.   Measurements of preputial separation began 
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3.5.3  Fecundity 
 For both males and females, successful pregnancy is the most defining indication of 
fertility.  Both male and females from each experimental group (‘null’, ‘rescue’, ‘knockout’) 
were paired with either the intact control animals from each study or wild type animals with 
confirmed fertility.  This strategy was adopted for logistical and cost reasons, but it meant that 
fecundity of the intact control group could not be determined. Each new pair was left for a 
minimum of 3 weeks, during which pregnancy was checked for.  The time of birth for the new 
litter and the number of pups was measured.  All newly born pups were euthanised.  Time of 
successful mating was measured by subtracting normal mouse gestation period (20 days) from 
the time between pairing and birth of the litter. 
 
3.5.4  Reproductive organ weights 
 The weight of each reproductive organ is a good indication of sex steroid output in 
response to stimulation by the HPG axis, as these organs tend to be regressed in sub fertile 
animals and enlarged by oestradiol or testosterone.  For males, the seminal vesicles and the 
testis were removed.  Both are located in the abdomen, close to the bladder.  The uterus in 
females has its base located in the pelvic region of the abdomen, with the uterine horns 
extending laterally to each side. 
 Each reproductive organ was removed using scissors and forceps.  Both pairs of Testis 
and seminal vesicles were weighed together. The uterus was weighed without the cervix or 
ovaries. Measurements of the weights were presented as percentage of the lean body weight 
(total body weight minus total fat amount). They were also normalised for bodyweight, in 
order to account for differences in weight and age across groups. 
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3.6  Brain sectioning 
3.6.1  Animal perfusion 
Following all experiments/measurements being completed on live animals, animals 
were prepared for perfusion.  For preparation of immunohistochemical staining of brain tissue 
for leptin-induced pSTAT3, food was removed overnight from all cages to reduce the 
endogenous leptin concentration and thereby minimise background leptin signalling.  1 hour 
before euthanasia, a subcutaneous injection of 1 mg/kg body weight (0.1 mg/ml in 
physiological saline) recombinant leptin (National Hormone and Peptide Program, USA) was 
performed using a 1 ml syringe and 27-gauge needle.  
Animals were euthanised using 240 mg/kg (30 mg/ml) pentobarbital using a 27-gauge 
needle and a 1ml syringe.  Once the animal had completely lost responses to pinching the toe, 
it was perfused.  A transverse incision was made through the animal’s skin and abdominal 
smooth muscles to expose the abdominal cavity, and the thoracic cavity was exposed via the 
diaphragm. The ribs were cut laterally and the rib cage reflected to expose the heart.  The 
right atria was cut to enable blood to drain from the body while allowing paraformaldehyde 
(PFA, see Appendix B) to flow out of the heart to the rest of body.  20 ml of 4% PFA was 
injected into the heart via the left ventricle using a 21-gauge needle and a 20 ml syringe.  A 
successful perfusion was observed upon clearing of all blood from the perfusate and 
abdominal organs, and rigor mortis of the animal’s appendages.  The head was removed from 
the body, and the brain was gently cut out using scissors and tweezers. 
Once removed, the body was moved into a plastic bag and the brain was placed in 4% 
PFA.  Both were stored at 4 °C.  After one day, the brain was moved into 30% sucrose for 
cryoprotection and storage until sectioning.  
Perfusion of young animals (pre-weaned) required a different protocol.  Pre-weaned 
animals were culled via decapitation and the heads placed in 4% PFA in 6 well plates.  A 
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small incision was made into the skull, ensuring the brain was exposed.  The incision allowed 
for PFA to diffuse through the skull and perfuse the brain.  After 1 day of PFA incubation, the 
heads were moved to 30% sucrose for cryoprotection and longer-term storage at 4 °C. 
For potential future experiments, blood samples were taken from all experimental 
animal groups.  Blood sampling was taken via two methods.  During perfusion, blood from 
the right atria was taken after it was cut, using a syringe.  These blood samples were placed 
into 0.6 ml microcentrifuge tubes.  Alternatively, blood was taken following decapitation, by 
which the body was placed over a funnel with a drop of heparin, an anticoagulant.  The funnel 
was connected to a 1.7 ml microcentrifuge tube.  All blood samples were centrifuged for 3 
minutes at 14000 x g at room temperature to separate serum and red blood cells, and frozen at 
-80 °C. 
Whole brains for later RNAscope were taken for all experimental groups.  These 
brains were removed from the skull, wrapped in aluminium foil and placed in dry ice for 5-10 
minutes.  These were then transferred to a -80 °C freezer. 
  
3.6.2  Microtome sectioning 
Brain sectioning for adult animals was performed using a sliding microtome.  The 
mouse brain was placed on the microtome freezing stage with anterior surface against the 
blade.  The microtome stage was set at -20 °C for freezing the brain, with the brain left to 
freeze for 30 minutes.  Once brain was solid, the brain was cut at 30 m coronal sections.  
Three identical series of brain sections were collected and stored separately during the cut (so 
the distance between sections was 120 m), allowing for multiple experiments to be 
performed and spare sections to be stored.  Only the region starting from the appearance of 
the anterior commissure to the disappearance of the 3rd ventricle (encompassing the entire 
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hypothalamus, see Figure 3.2) was collected.  All sections were stored in new cryoprotectant 





























   
Figure 3.7 Earliest and latest sections taken during brain sectioning.  Sections were 
collected from the point the brain showed structures found in Figure 26 of the mouse brain 
atlas.  Once the brain resembled Figure 54 of the mouse brain atlas, taking sections stopped.  
Both images were taken from the Mouse Brain Atlas. 
 
3.6.3  Cryostat sectioning 
For brains of younger animals (pre-weaned mice), sectioning was performed on a 
cryostat.  As these brains were more fragile, the cryostat was a better option.  The entire head 
was used and mounted with frozen section embedding compound (FSC 22 Clear, Leica).  
Coronal sections were cut at 20 m, beginning from the first appearance of the hippocampus 
to the disappearance of the 3rd ventricle.  A developing mouse brain atlas was used for 
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reference during cryostat cutting.  Three series were taken and stored separately for each 
animal, and after every third section, three sections were skipped so the distance between 
sections was 120 m.  Each slide was then stored in PBS at 4°C (Appendix B) for later 
immunohistochemistry.   
 
3.7 Immunohistochemistry: DAB staining 
3.7.1  Antigen retrieval 
3,3'-Diaminobenzidine (DAB) immunohistochemical staining was used for detection 
of activated intracellular signalling proteins associated with the leptin receptor downstream 
pathway, specifically pSTAT3 (Donato et al., 2011; McEwen et al., 2016; Egan et al., 
2017b).  The leptin injection before perfusion was done so pSTAT3 staining would be high 
and confirm the presence of functional leptin receptor.  To measure baseline pSTAT3 levels, a 
DAB staining on control animals injected with saline was done (see Appendix C).  
Due to the paraformaldehyde fixation, proteins in the preserved tissue require an 
antigen retrieval specific step to break formaldehyde bonds to other proteins and allow 
effective antibody penetration and staining.  Brain slices were removed from cryoprotectant 
and washed with Tris-buffered saline (TBS, Appendix B) containing 0.1% Triton-X (TX, 
which permeabilises the cell membranes to facilitate antibody penetration).  For easier 
washing, the sections were moved into plastic baths and well carriers.  Following washes, 
slices were incubated in EDTA (0.1 mM, Appendix B) within a 90 °C water bath for 15 
minutes to achieve the antigen retrieval.   
 
3.7.2  Immunohistochemistry: chromogenic staining 
After five more washes in TBS-TX, the slices were incubated in 1% H202 solution for 
30 minutes to prevent endogenous peroxidase actions.  Five further washes were performed, 
CHAPTER 3: RESEARCH DESIGN 
 
62 
after which the primary antibody (rabbit anti-pSTAT3, Cell Signalling Inc) was added.  
Primary antibody was added at 1/4000 dilution in 2% normal goat serum (NGS) and TBSTX-
bovine serum albumin (BSA, which along with the NGS reduces non-specific antibody 
binding).  Incubation lasted for 24 to 48 h on a shaker at 4 °C.  
The second day protocol started with 5 more washes in TBS.  For 1 hour on a shaker 
table at RT, the slices were incubated in biotinylated secondary antibody (biotinylated goat 
anti-rabbit immunoglobulins, Vector Laboratories) at 1/1000 dilution.  More washes were 
performed which were followed by 1 hour of Vector Elite ABC (an avidin-biotin peroxidase 
enzyme complex, Vector Laboratories, diluted 1/200) solution incubation.  ABC solution was 
made up and stirred 30 minutes before incubation.   
After 5 more washes in TBS, the DAB solution was added for approximately 3.5 
minutes or until visual assessment deemed enough staining had occurred.  The final 5 washes 
were performed and the brain slices were mounted on glass slides. 
 
3.7.3  Slide mounting and cover slipping 
The brain slices were mounted using TBSTX onto glass gelatin-coated slides using 
paint brushes.  Once mounted, the slides were left overnight to dry under aluminium foil.  The 
slides underwent dehydration via a series of incubations in increasing concentrations of 
ethanol (50%, 70%, 90%, 100%).   The slides were then incubated within xylene for 5-10 
minutes.   DPX mounting media was used to place coverslips, after which the slides were left 
overnight to dry.   
 
3.7.4  Immunohistochemistry: fluorescence staining 
Fluorescence immunostaining for floating brain sections was very similar to the 
method of DAB staining.  Following 5 washes of TBSTX, brain slices were incubated in 
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primary antibody solution (TBSTX + 1/5000 chicken anti-GFP primary antibody [Aves Labs] 
+ NGS) for 24-48 h on a shaker.  Following primary incubation and further TBS washes, the 
secondary antibody solution (AlexaFluor-488 goat anti-chicken immunoglobulins, 1/500 
dilution; Invitrogen, Thermo Fisher Scientific) was added for 1.5 h under aluminium foil.  
More washes were performed, at which point the slides were mounted on glass slides.  Using 
Vectashield mounting solution (Vector Laboratories, Inc), coverslips were added and slides 
were left to dry under tin foil. 
For mounted sections, the procedure was very similar to one detailed above in 3.7.  
Only single drops of TBSTX, applied via a dropper, were used as washes.  To ensure 
separation of drops for each section, a wax pen (ImmnoEdge, Vector Laboratories) was used 
to circumscribe the sections for both primary and secondary incubations.  Vectashield was 
used for cover slipping.  
 
3.8  Image Analysis 
3.8.1  Image collection 
 All images were taken using a fluorescent microscope (Olympus BX51) Processing 
and analysis of images was carried out using Fiji ImageJ software. 
 
3.8.2  Image analysis 
 All cell counting was performed using automated Fiji ImageJ cell counting software 
(National institute of Health).  Images were converted to greyscale and 8 bits for clearer 
analysis, and counted using the parameters described below.  The Mouse Brain Atlas 
(Academic Press) was used in reference to accurately draw around each region of interest.  
Images that contained large holes in the slices were removed from the analysis, and only used 
as representative images if the staining was of high quality. 
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Table 3.3: Instructions for cell counting on ImageJ. These instructions were followed for 
all images.  Adjustment for threshold was determined by background intensity of the image, 












3.8.3  Statistical analysis 
 All data was presented using the mean and standard error of the mean, with all 
statistics performed using the program GraphPad Prism (Version 9).  Statistical significance 
was determined using unpaired two tailed t-test for two mean comparisons and ANOVA for 
multiple group comparisons.  For comparing groups over time such as body weight changes 
over time, a repeated measures two-way ANOVA followed by the Tukey’s post-hoc test was 
done, with time and treatment group as the factors.  P-values < 0.05 indicated a significant 
result. For group sizes of less than five animals, a non-parametric test was done as a 
conservative approach.  The Mann Whitney test was done for more than two group analyses, 
whereas the Kruskal-Wallis test was done for more than two mean data. 
The ROUT test was used for the identification and subsequent removal of outliers.  
The Grubbs test was also used to ensure the outlier was significant. 
Open ImageJ 
Drag Image into ImageJ 
Image -> Type -> 8-Bit 
Draw around area of interest using Oval -> elliptical or polygon tool. 
Edit -> Selection -> Add to Manager -> Save 
Image -> Adjust -> Threshold 
Adjust threshold to reduce background intensity (keep one intensity bar at 
max/min)  
Analyse -> Analyse Particles 
Set Size (pixel^2): 1-infinity 
Set Circularity: 0.01-1.00 
Run 




Each proposed experiment will be in a separate part of these results.  Experiment A 
describes the PACAP-Cre X LepR flox model results, and experiment B describes the 
PACAP-Cre X LepR Stopflox model results. Experiment C details the results of PACAP 
expression across several post-natal age groups, using the PACAP-GFP model.  
 
4.1 Experiment A – Are PACAP neurons necessary for 
leptin signalling of fertility? 
 
4.1.1 Validation of the PACAP-LepR KO model 
pSTAT3 is an excellent biochemical marker of the leptin receptor downstream 
signalling pathway.  Many papers use STAT3 phosphorylation as a marker to determine 
where leptin acts in the hypothalamus (Egan et al., 2017; Quennell et al., 2011).  The pSTAT3 
staining also validates the genetic manipulation performed in the experiment.  The 
characterisation of where PACAP and leptin receptors are co-expressed has not been strongly 
established. Note that PACAP was not able to be stained, so PACAP presence could only be 
assumed from the difference in pSTAT3 counts between control and knockout mice. It is 
hoped that later studies will be able to identify PACAP and LepR using RNAscope. 
 The four populations of PACAP neurons identified as having leptin receptors are the 
AVPV and VMPO region, the VMH and the PMV.  The number of pSTAT3 stained cells in 
both the VMPO and the AVPV was significantly reduced in the knockout animals (n=3) 
compared to controls (n=5), as illustrated in Figure 4.1 and the t-tests (p<0.005).  Not many 
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pSTAT3 responsive cells were detected generally in these regions, but a high proportion of 
those cells appear to be PACAP responsive. 
 The VMH contains a high number of LepR-expressing PACAP neurons.  Figure 4.2 
and the resultant t-test shows cell counts for pSTAT3 are significantly reduced in knockout 
animals (control=5, knockout=3, p=0.0124) to almost half, suggesting these are PACAP 
expressing neurons.  No change was evident in the arcuate regions cell count as depicted in 
Figure 4.2D and Figure 4.3D images or t-test (p>0.50), as expected since very few PACAP 
neurons are located in the arcuate nucleus. 
 The PMV region, as identified in Ross et al. (2018), features a strong presence of 
PACAP neurons that contain leptin receptors.  Figure 4.3 and following t-test further supports 
the idea, given a significant reduction in pSTAT3 cells in the knockout (control=5, 
knockout=3, p=0.0011).     
 With the reduction in pSTAT3 positive cells, the knockout model has successfully 
removed leptin receptors from PACAP neurons and can be used as a model for testing 













































4.1.2 Metabolic phenotype 
As a metabolic signaller, PACAP can act as both an orexigenic or anorexigenic peptide 
depending on body status (Gargiulo et al., 2019).  Models of leptin receptor knockouts show 
reduced levels of Adcyap1 mRNA.  During obesity, levels of Adcyap1 mRNA are also 
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reduced (Hawke et al., 2009).  As shown in Figure 4.4, however, no significant changes were 
present in body weights over time in the PACAP-LepR knockout mice for either males 
(control=10, knockout=8) or females (control=8, knockout=10) in Figure 4.4C and 4.4E.  The 
following ANOVA analysis or post hoc test supports the result (p>0.20). 
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  Further evidence of no significant difference can be found in the visceral and 
subcutaneous fat measurements, as indicated in Figure 4.5.  No change was seen in either 
male (control=10, knockout=8) or female (control=8, knockout=10) animals, with the 
following unpaired t-test and Mann-Whitney test supporting the finding (p>0.05).  These data 
suggest no prominent role for PACAP neurons in leptin’s metabolic function, given no 
significant difference was found. 
 
4.1.3 Puberty Onset  
 In female mice, both the age of vaginal opening and first oestrus was significantly 
delayed in knockouts (n=12) compared to the control (n=12) group (Figure 4.6A and 4.6B). 
The delay was relatively small, with the difference in vaginal opening between control and 
knockout being 1.8 days and the difference in the first oestrus being 2.5 days.  Further 
statistical analysis using t-tests suggests the role in leptin fertility actions is a significant but 
not total impairment (p=0.0054, p=0.0426). 
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 In comparison, no changes in male puberty timing were present, as depicted in Figure 
4.6C.  Both groups (n=10) were able to have preputial separation at similar ages, at around 26 
days old (p>0.50).  Given the similar trend of results and t-test analysis, PACAP most likely 
does not play any significant role in leptin signalling for facilitating puberty onset in males.  
This was not unexpected when compared to other studies which present similar findings 
(Ross et al., 2018; Bozadjieva-Kramer et al., 2021). 
 
4.1.4 Oestrus cycling  
Ross et al., (2018) found an apparent dysregulation of the oestrus cycle during their 
experiment with the PACAP-flox and LepR-Cre model.  PACAP may play a role in regular 
cycling, but whether it is specific to the leptin signalling pathway would be indicated in these 
results. 
 The results in Figure 4.7 suggest no significant dysregulation of the oestrus cycle in 
the knockout (n=9) model.  A non-significant trend was present in the length of the oestrus 
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cycle (p = 0.0921) (Figure 4.7A).  No significant change was found in the average number of 
cycles (Figure 4.7C) in comparison to the control (n=9).  The frequency of each phase of the 
cycle also shows no significant difference across the 18 days measurement period.  No t-test 
result produced a significant statistical difference across any measure.  The representative 
examples of Figure 4.7D show some exceptions to this.  Figure 4.7D shows several example 
cycles, two of which show several days of dysregulation within the cycle.  Some animals had 
extended periods of metestrus, whereas others had extended periods of oestrus, which may 
have cancelled each other out.  More animals or a more extended measurement period may 




















CHAPTER 4: RESULTS 
 
76 
4.1.5 Fecundity of PACAP-LepR KO 
A mating study was performed to test whether the knockout model abolished fertility 
or impaired the chance of pregnancy.  Knockout animals were paired with control animals for 
up to 80 days, and the number of litters, timing of each litter and the male to female ratio was 
measured.  Each pair could produce litters, so pregnancy was still possible.  The average 
interval between litters for all knockout pairs was 23.84 days.  Being close to the average 
duration of time for gestation for wild type animals at 21 days, it supports these animals 
having normal fertility. 
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4.1.6 Reproductive organs weights 
The weight and development of the reproductive organs is a good indication of 
whether the HPG axis is impaired or not (Egan et al., 2017).  No significant difference was 
seen in any male (control=5, knockout=3) and female (control=9, knockout=6) reproductive 
organ weights, as illustrated in Figure 4.8 and the t-tests performed (p>0.50).  
 
4. 2 Experiment B – Are PACAP neurons sufficient for 
leptin signalling of fertility? 
 
4.2.1 Validation of the PACAP-LepR Rescue model 
Three groups were used in experiment B; a normal LepR control, a LepR Null, and the 
PACAP-LepR rescue.  The null and rescue animals are difficult to obtain high numbers for as 
the parent animals must be heterozygous for the LepR-stop-flox gene. It is well characterised 
total leptin receptor knockout animals are mostly infertile and can only achieve vaginal 
opening (Hill et al., 2010); hence the LepR-stop-flox gene must be heterozygous in the 
parents.  For Null animals (n=8), they should have no pSTAT3 presence in the hypothalamus 
due to no functional leptin receptor expression.  In contrast, the rescue (n=12) should have 
pSTAT3 staining in PACAP expressing regions at levels similar to the controls (n=11) or if 
combined with the cells counts from the knockout experiment.  The ANOVA and post hoc 
analysis should further support the current hypotheses. 
  Similar to Figure 4.1, three regions of interest have significant pSTAT3 
staining as presented in the rescue model.   The VMPO and AVPV regions of rescue animals 
show a large cell number of leptin responsive neurons, on levels similar to the control animals 
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(p>0.50), given there was no significant statistical difference between the two bars (Figure 
4.9D and Figure 4.9E).   
  Leptin receptor expressing neurons were found in the VMH region (Figure 
4.10D) being partially rescued in the PACAP-LepR rescue animals.  A significant difference 
was observed in the control cell count to the rescue (p=0.0063), supporting the knockout 
experiment findings of a significant proportion are PACAP neurons.  As suggested in Figure 
4.2, the arcuate does not contain many PACAP neurons.  Both Null and rescue groups 
presented a low cell count compared to the control, as shown in Figure 4.10E (p<0.0001), 
further validating the findings.   
  As stated previously, the PMV is a known location of PACAP neurons (Ross 
et al., 2018).   The representative image (Figure 4.11C) and the cell count/statistical analysis 
indicate a significant proportion of the leptin receptor-expressing cells were PACAP neurons 
(p<0.0001).  Further support was also found for the arcuate not containing any PACAP 
neurons later into the arcuate, and overall, throughout the entire arcuate region (p<0.0001).  
The pSTAT3 staining shows that both the LepR Null and PACAP-LepR rescue models 
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4.2.2 Metabolic phenotype 
Total leptin receptor knockouts result in obesity in animals such as mice.  Leptin is 
arguably the most essential hormone in metabolic status, so the animals are very much 
compromised and gain weight very quickly without these leptin receptors (Cohen et al., 
2001).  Figure 4.21A and 4.12B illustrates the difference between a control (male=8, 
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female=10) mouse and an obese mouse.   Both Null (male=5, female=4) and rescue (male=3, 
female=7) animals presented the same obese phenotype. 
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 Comparing to the control animals, there were small but significant differences in the 
body weights between to the Null and rescue animals for both males (Figure 4.12C and Fig. 
4.12D) and females (Fig. 4.12E and Fig. 4.12D).  Male rescue animals were significantly 
heavier at most time points compared to null animals up eight weeks old as shown by the 
repeated two-way AVOVA and Tukey’s multiple comparison test (p<0.05).  In females, the 
reverse effect occurred between 6 and 12 weeks of age (rescue animals were lighter than null 
animals).  At 12 weeks of age, as shown in Figure 4.12D, null females reach a weight of 57.2 
compared to 51.0, using the same statistical tests (p<0.01).  Rescue animals were still 
morbidly obese, but these results suggest leptin may use PACAP cells to signal metabolic 
information.  
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The slight differences between null and rescue mice in body weight were not apparent 
in the measurements of subcutaneous and visceral fat (Figure 4.13).  Across both types of fat 
and sexes, the null (male=5, female=8) and rescue (male=5, female=9) groups were 
significantly higher than the control (male=8, female=10), with the ANOVA statistical tests 
further supporting the finding (p<0.005).  No significant difference occurred between the null 
or rescue groups; the closest significant value was comparing female subcutaneous fat 
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4.2.3  Puberty Onset  
  All reproductive endpoints measured were impaired in the null and rescue 
groups.  A large time delay occurred in the age of vaginal opening, control (n=10) animals 
having puberty onset at around 30.9 days compared to 37.3 days in null (n=6) females and 
39.1 days in rescue (n=7) females (Fig. 4.14). Performing an ANOVA and Tukey multiple 
comparison test showed significant statistical difference (p<0.0001) between control and the 
other two groups but no significant difference between null and rescue groups (p>0.99).  Even 
more apparent was the lack of cycling for both Null and rescue groups.  Neither group 
produced a first oestrus, unlike the control group, which presented regular cycling.  As shown 
in Figure 4.15, persistent metestrus and diestrus-like smears were seen in both groups.   Male 
puberty onset was even more impaired, with both null and rescue males unable to achieve 
preputial separation.  These results suggest that PACAP is not sufficient to mediate in leptin 
signalling for puberty onset. 
 
 




4.2.4  Fecundity of PACAP-LepR Rescue and LepR Null 
  A fecundity study of all groups was performed to determine if these groups 
could get pregnant, which would indicate fertility.  Null (n=2) and Rescue (n=5) animals were 
paired with wild type animals with confirmed fertility and allowed 35 days to mate.  None of 
the animals from the null and rescue groups could get pregnant or get their partner pregnant 
over the period.  Control (n=4) animals were able to produce litters in comparison with no 
issues.  
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4.2.5  Reproductive organ weights 
  The weight of the reproductive organs indicated some restored signalling of 
the HPG axis in male rescue animals.  Testis weights for the rescue (n=5) mice were similar 
to the control (n=5) group since no significant difference was presented from the Kruskal-
Wallis test (p.0.99).  Null (n=4) testis weight was significantly higher than both control and 
rescue groups (p<0.05).  Comparing seminal vesicle weights as shown in Figure 4.16C, the 
only notable difference was that the control percentage was significantly higher than the null 
males (p=0.0427).  Rescue percentage was not significantly different from either group 
(p>0.20).   
  Comparatively, female uterus weights were significantly reduced compared to 
the control (n=7) for both null (n=7) and rescue (n=9) groups (p<0.001).  Similar uterine 
weights occurred between null and rescue mice, as depicted in Figure 4.16A and the 
ANOVA/Tukey’s multiple comparison.  These findings show clear abolishment of fertility in 
both null and rescue females, and no significant rescuing of female reproductive function. 
 
4.3  PACAP-GFP across Development 
 
Using the PACAP-Cre x EGFP-flox model for investigating PACAP expression 
across different ages provided clear locations of PACAP neurons and possible projection 
areas (Condro et al., 2016).  However, as stated earlier, any developmental reductions in 
PACAP gene expression would not be revealed by this model since EGFP expression is 
permanently switched on. However, increases in staining can be taken to indicate an increase 
in the number of PACAP expressing neurons.  Cell counting was performed for the oestrus 
(P=E) group (see Appendix D for cell counts).  Earlier age groups such as P=0 was not 
counted due to the method of perfusion and morphology of the cells.  All figures presented are 
from female animals. 





PACAP-GFP expression was consistently high across several different regions.  With 
the main focus being on the hypothalamus, the hippocampal region which presented high 
intensity staining was used as a comparison region.  Hypothalamic regions of high staining 
included the PVN (Figure 4.17), the VMH, the MM, and once it was full developed, the 
PMV.  No significant difference was evident between females and males in expression. 
The most notable distinction in PACAP staining across all age groups was the SCN 
(Figure 4.18).  In both the SCN postnatal day 0 and postnatal day 7 groups, PACAP-GFP 
positive cells were either absent or low in number.  Not until the puberty onset and adult 
groups did a clear number of SCN PACAP neurons appear.  It suggests a possible role of 
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The arcuate region is of interest due to the conflicting evidence.  Studies such as 
Condro et al (2016) found no adult arcuate staining using a similar PACAP-EGFP model to 
this experiment.  In contrast, radiolabelling assays show PACAP neurons in the arcuate, 
although some criticism is present for these older studies.  In Figure 4.19, very few GFP 
positive cells were detected in the arcuate nucleus across all age groups.  But in the posterior 
arcuate located close to the PMV region, there were a greater number of positive GFP cells as 
200m 200m 
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illustrated in Figure 4.20.  These neurons only appeared in clearly after the 7-day old animals. 










































As stated previously, the role of leptin in the reproductive HPG axis is as a permissive 
signal, necessary for normal fertility and metabolism (Evans & Anderson, 2017).  Leptin itself 
does not act directly onto the GnRH neurons, instead acting indirectly onto afferent neuron 
populations to signal energy status (Quennell et al., 2009).   Numerous studies have identified 
several populations which not only express leptin receptors, but may mediate leptin’s roles in 
supporting fertility.  Notable neuronal populations include GABAergic neurons, AgRP 
neurons, POMC neurons and CART neurons (Zuure et al., 2016; Egan et al., 2017a).   
 
Figure 5.1 Graphical representation of the potential signalling pathway for leptin in 
relation to PACAP.  The adipose tissue releases leptin into the bloodstream to signal PACAP 
populations containing leptin receptors.  The VMH region uses PACAP to regulate glucose.  The 
PMV region uses PACAP to stimulate GnRH neurons in the pre-optic area.  The AVPV region 
may use PACAP as additional regulation of the GnRH neurons.  The VMPO function is linked 
to PACAP’s thermoregulatory function.  The blue regions are specific PACAP populations that 
contain leptin receptors, as illustrated by the yellow receptors.  The orange boxes are fat cells.  
The green arrow indicates stimulation.  Black arrows indicate which regions leptin is regulating. 
VMH – Ventromedial hypothalamus, AVPV – Anteroventral periventricular nucleus, PMV – 
ventral premammillary nucleus, VMPO – Ventromedial preoptic nucleus. 
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 PACAP is one the most recently suggested neuropeptides that could mediate leptin’s 
fertility actions.  As a neurotrophic factor, it is involved in both metabolic control and 
fertility, which are also the two key functions of leptin.  Given recent evidence showing that 
selective knocking out of PACAP from the PMV (a region with high LepR expression) causes 
an impairment to fertility, PACAP may be involved in mediating leptin’s fertility function 
(Jamen et al., 2000; Ross et al., 2018). 
 The aim of the present study was to investigate PACAP’s role in leptin signalling of 
fertility.  By manipulating the expression of leptin receptors in PACAP neurons using genetic 
models, we were able to address two different questions.  The first experiment tested whether 
PACAP was necessary for leptin signalling of fertility.  The second experiment tested whether 
PACAP was sufficient for leptin signalling of fertility.   
 PACAP expression has been characterised via several methodologies (Condro et al., 
2016), but no study has characterised the expression of PACAP across early postnatal 
development.  Given the ability of the PACAP-Cre mouse model to reveal PACAP neurons 
when crossed with a Cre-dependant ‘reporter’ mouse line, we also performed a third 
experiment.  We tested to see whether PACAP expression increased across postnatal 
developmental stages. 
 
5. 1 Validation of the PACAP-Cre X LepR-flox 
or LepR-stop-flox models 
To validate whether mouse models used in experiment A and experiment B worked, 
staining for pSTAT3 was performed.  Since both experiments require leptin receptor 
manipulation, using a major LepR signalling protein such as STAT3 to detect functional 
leptin receptors is a useful validation method (McEwen et al., 2016).  No study has 
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determined which populations of PACAP neurons actually contain leptin receptors in this 
manner.  Hence the entire hypothalamus was examined to see where leptin responsive 
PACAP neurons were located. 
 Experiment A used the LepR flox gene to remove leptin receptors solely from PACAP 
neurons.  Only PACAP neurons would not contain functional leptin receptors, since only in 
these cells would Cre recombinase be present to excise the floxed LepR gene.  A significant 
reduction in pSTAT3 staining in knockout tissue compared to control tissue was seen in four 
major hypothalamic regions; the AVPV, the VMPO, the VMH and the PMV.  No difference 
was seen in the arcuate nucleus between the control and knockout as shown in Figure 4.2 and 
4.3.  This was to be expected given PACAP neurons are very few in number, if at all, in the 
arcuate region. 
 Unlike Experiment A, almost all leptin receptors should all be non-functional in 
Experiment B aside from within the rescue group.  The presence of a stop sequence in the 
leptin receptor gene prevents normal leptin receptor expression.  Only with the presence of 
PACAP-Cre will normal LepR expression be permitted.  As illustrated in Figure 4.9, 4.10 and 
4.11, the rescue animals managed to express functional leptin receptors.  The same four 
regions as in experiment A were identified to have leptin receptors; the AVPV, the VMPO, 
the VMH and the PMV.  
 If we compare the pSTAT3 results to the PACAP-GFP staining as seen in Figures 
4.17 to Figure 4.20, there are some notable comparisons.  Regions like the PMV and the 
VMH have PACAP neurons as shown in Figure 4.19 and 4.20.  These PACAP neurons also 
express leptin receptors as shown in experiment A and experiment B.  Some regions which 
contain PACAP neurons do not contain leptin receptors.  These regions include the PVN 
(Figure. 4.17) and the SCN (Figure. 4.18).  The arcuate nucleus may have PACAP expressing 
neurons, but the validation data from experiments A and B imply that they would not express 
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LepR. More experiments are needed for characterisation of PACAP neurons within the 
arcuate. 
 There are several limitations that must be considered in regards to pSTAT3 staining 
and the use of our particular genetic model.  Although pSTAT3 immunohistochemistry is a 
very common method of validating leptin receptor knockout, more validation is needed 
because it can’t colocalise with PACAP neurons.  A PACAP antibody was tried but was not 
successful.  If more time was allowed, use of RNAscope would have been performed.  Using 
RNAscope, an in-situ hybridization method, can confirm the co expression of Lepr mRNA 
and Adcyap1 mRNA.  A double immunohistochemistry labelling of PACAP-GFP and 
pSTAT3 also needs to be done to confirm which populations of PACAP neurons contain 
leptin receptors. 
 Some particular considerations need to be taken with the use of the LepR models.  As 
the model was generated via genetic manipulation and breeding, the modified offspring 
lacked leptin receptors throughout the entirety of gestation and development.  Given the body 
has multiple different redundancies in key functions like metabolism and reproduction, some 
other changes may have occurred in the models compared to control animals.  If the body has 
compensated for the lack of leptin receptors, then the differences between control and 
knockout/rescue would be smaller than might be observed if the knockout was induced during 
adulthood.  To account for this possibility, using a virus to cause Cre expression may allow 
for the effect to occur at a particular time (Bozadjieva-Kramer et al., 2021). 
 As a model, the Cre-lox system is widely used and several studies use this model for 
specifically PACAP.  The Ross (2018) study, which acted as the basis paper for the current 
experiment, used the same system but with LepR-Cre and PACAP-flox.  One caution that 
should be noted is the manipulation of particular genes.  In adding Cre-recombinase, a large 
gene insertion, there is a potential for unwanted side effects occurring.  A study by Forni et al 
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(2006) tested the toxicity of Cre recombinase in cells.  They showed a significant increased 
rate of cell apoptosis and increased chance of hydrocephaly.  Cre recombinase over 
development is most likely toxic, and it is relevant to note given a couple of Cre positive 
control animals had hydrocephaly in this experiment.  Their findings do suggest some 
consideration needs to be taken when using the Cre-Lox system. 
 
5.2 PACAP involvement in leptin’s metabolic effects 
The main role of leptin is in regulating metabolism, food intake and energy 
expenditure.  Consistently across multiple studies, disruptions to leptin or its signalling 
pathway have been shown to cause weight gain (Kennedy et al., 1997; Moschos et al., 2002; 
Hill et al., 2010).  Almost all animals with substantial knockout of leptin or its receptor 
eventually produce an obese phenotype (Cohen et al., 2001).  The leptin null animals in this 
experiment (Figure. 4.12) gained significant amounts of weight over a short period of time, a 
strong indication of how important leptin is as a satiety signal.   Many of the leptin responsive 
neuronal populations in the hypothalamus have a role in energy status and mediating leptin’s 
satiety signal (Evans & Anderson, 2017).  The AgRP neurons and the GABA neurons are 
prime examples of important leptin intermediary nuclei (Zuure et al., 2013; Egan et al., 
2017a). However, when leptin receptors were exclusively knocked out of PACAP expressing 
neurons, no significant changes occurred in either body weight (Figure. 4.4) or the more 
specific measures of visceral and subcutaneous fat weight (Figure. 4.5). These findings 
suggest that leptin’s actions through PACAP neurons are not necessary for metabolic 
regulation.  It was expected, as leptin’s metabolic function has a high degree of redundancy; 
other populations of neurons such as AgRP and POMC are able to successfully signal the 
metabolic satiety signal from leptin to compensate even if leptin signalling in PACAP 
neurons is removed (Sohn, 2015).   
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 Despite no differences in the knockout experiment, our results do provide some 
evidence that PACAP does play a role in leptin signalling of metabolic function.  The 
evidence of the role can be found in the rescue experiment (Experiment B).  Both obese and 
rescue animals were expected to become obese given leptin receptors were absent from key 
metabolic populations like the AgRP neurons.  What was surprising was the differences in 
total body weight, with female and male rescue animals presenting small but significant 
weight differences from the obese null control (Figure. 4.12).  With no significant differences 
in fat measurements, these results are even more surprising.  Male rescue animals were 
slightly heavier compared to null mice from the age of adulthood.  The significant differences 
was shown in earlier ages at around 4 weeks to 8 weeks old.  Possibly PACAP drives feeding 
behaviour and is normally restrained by leptin in males, or, conversely, perhaps PACAP 
inhibits feeding and its expression is normally decreased by leptin.   
 Comparatively, female rescue animals were slightly lighter than the LepR null animals 
(Figure. 4.12).  The significant differences in weight occurred at a much later age at around 8 
weeks to 12 weeks.  With current projections on the graph, the differences may have gotten 
larger at an older age.  Due to the increase in the difference and the level of statistical 
significance, it suggests the change in weight are cumulative and the differences are more 
robust than those seen in males despite fairly small female group sizes (null, n=4, rescue, 
n=7).  Similar to the males however, no significant difference was present in the fat 
measurements for either visceral or subcutaneous fat depots which is surprising (Figure. 
4.13). The differences may be in lean mass rather than fat mass. 
 The results of Figure 4.12 suggest PACAP neurons are one of the mediating neuronal 
populations for leptins metabolic signal (either satiety or activity levels, or both). If 
comparing between the sexes, PACAP may play a more important role in females, reflecting 
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leptins greater importance in female physiology (Wilson et al., 2003; Power & Schulkin, 
2008). 
 One likely PACAP neuron population responsible for these body weight effects is the 
VMH neurons.  The VMH is highly linked to energy metabolism, acting as a downstream 
target of the anorexigenic POMC neurons (Sohn, 2015).  As indicated from Figure 4.10 and 
Figure 4.19, a large number of PACAP neurons are present in those regions and those neurons 
most likely contain leptin receptors.  A recent study using a selective knockout of PACAP 
from the VMH does produce the obese phenotype in a similar time frame and across both 
sexes as our experiment (Bozadjieva-Kramer et al., 2021).  Experiments focused specifically 
on leptin’s actions on the VMH PACAP neurons will need to be performed.  
 With these findings there are some relevant limitations to note.  The lack of animals 
presents in both male obese conditions (null, n=5, rescue, n=3) had skewed the data.  LepR 
null and PACAP-LepR rescue animals are very difficult to produce. Given the parents must 
be heterozygous for the Cre recombinase and LepR stop-flox genes, less than one of each of 
these genotypes of a given sex is produced per litter on average.  The lack of male data is 
present for both metabolic and reproductive measurements and is a potentially strong 
confounder.  More breeding pairs are needed. 
  
5.3 Effect of PACAP on leptin’s role on fertility 
 Leptin’s role in fertility is as a permissive signal, it is necessary for the progression of 
puberty onset and fertility.  Research has suggested multiple neuronal populations which 
mediate leptin’s actions, and these vary in their importance.  The AgRP arcuate populations is 
not necessary for leptins fertility actions, but is sufficient to convey leptin signals for this role 
(Egan et al., 2017a).  The GABA neuronal populations, when lacking leptin receptors, result 
in infertility suggesting that at least some GABA neurons are necessary as leptin conduits 
CHAPTER 5: ANALYSIS 
 
101 
(Zuure et al., 2016).  Leptin has a large redundancy in its signalling, but particular cell 
populations are critical or contribute a significant amount to leptin functionality (Evans & 
Anderson, 2012). 
 With the results of experiment B, it can be strongly supported that PACAP is not 
sufficient in mediating leptin signalling of fertility.  Rescue animals of either sex were unable 
to achieve the main puberty onset measures, with females only able to have vaginal opening.  
Furthermore, no litters were conceived in the mating study with controls who had presumed 
normal fertility.   
 In experiment A where we tested whether leptin actions via PACAP neurons were 
necessary for fertility, the male knockouts still showed normal fertility and no significant 
difference compared to the control animals.  Across several studies, cell type-specific LepR 
knockouts tend to affect female puberty or fertility more than for males (Egan et al., 2017a; 
Ross et al., 2018; Malik et al., 2019).  The only significant difference of note seen in any 
males was the lack of difference between the testis and seminal vesicles weights of control vs 
the rescue animals (Figure. 4.16).  Weights of the seminal vesicles and testis are useful 
indicators of HPG axis maturation (Sellers et al., 2007).   Since they were the same levels as 
controls, these organs appear to have undergone full maturation at least in terms of their 
weight.  However, these animals were unable to have prepartial separation.   
The most significant finding was the pubertal deficits found in knockout females.  In 
regards to both vaginal opening and first oestrus, there was a small but significant delay in 
timing of PACAP-KO females in comparison to control females, as found in Figure 4.6.  
These findings suggest PACAP is involved in the leptin signalling pathway for correct timing 
of important reproductive milestones like puberty onset.  Without PACAP neurons, it takes 
longer for the leptin signal to regulate the fertility axis. 
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The oestrus cycling of these knockout animals is more complex.  No difference was 
found in the cycling length, the frequency of particular phases and number of cycles across 
the 18-day measurement period.  Given these results and the results of the mating study, the 
knockout animals appear to exhibit normal fertility in all respects.  However, a slight 
contradiction comes from the example cycle data in Fig. 4.7, where some knockout animals 
cycling data showed points of irregularity.  Several animals presented have an extended 
period of either metestrus or oestrus for 3-4 days.  Given several knockouts of animals are in 
both categories, they may have cancelled each other out in the quantification.   A longer time 
spent assessing the reproductively cycles instead of just 2 weeks would produce more notable 
differences if the cycling of the knockout animals was impaired. 
From these findings it can be summarised that PACAP is involved in leptin signalling 
of fertility.  It has a particular role in the leptin pathway.  In term of the hypothesis, the results 
fail to support that PACAP is necessary for leptin signalling of fertility, does support the 
hypothesis of PACAP being necessary for normal leptin timing of puberty.  
 
5.4 Role of PACAP over development 
Across development, reproductive hormones are upregulated during times such as puberty 
onset and the menstrual cycle compared to infancy and old age (Shen et al., 2013).  Hormones 
such as testosterone and oestradiol increase in synthesis and signalling, thus initiating puberty 
onset and the resultant sexual maturation (Ikegami et al., 2001; Vazquez et al., 2019).  
Neurons like PACAP may experience the same developmental upregulation; hence the ages 
chosen for experiment three were somewhat linked to key reproductive milestones. 
 PACAP is known to have a significant involvement in developmental processes.  
During embryonic development in the mouse, Adcyap1 mRNA appears at around 9.5 days 
and is abundant in the hypothalamus, supporting PACAP’s involvement in the development 
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of the embryonic brain. Studies using animals with total PACAP knockouts typically die from 
lack of thermoregulation, a strong indication on how essential PACAP is to post-natal 
survival and maybe development (Jamen et al., 2000; Sherwood et al., 2007). 
 Experiment three found some increased expression across the age groups in the 
arcuate nucleus and the SCN.  Its expression in the SCN is strongly linked to its function in 
circadian entrainment.  Studies of PACAP show light-dependent proteins are stimulated by 
PACAP signalling.  Furthermore, PACAP-deficient mice have longer entrainment phases 
compared to control animals (Beaule et al., 2009).  PACAP is strongly linked to light 
entrainment of the SCN.  Given mice do not open their eyes until approximately 13 days old, 
very few PACAP neurons were expressed in the region at post-natal day 0 and day 7.  These 
findings show a clear link between light and PACAP neuron activation within the SCN.   
 The very few positive PACAP-GFP cells in the arcuate increased over the different 
age groups.  These findings support older studies showing PACAP is located in the arcuate 
nucleus (Hannibal et al., 1995; Sherwood et al., 2007), but suggest that PACAP neurons are 
specifically located in the posterior regions of the arcuate nucleus.  What these neurons are 
doing is unclear, and more studies are needed to see whether these neurons also express leptin 
receptors.  A double immunolabelling for EGFP and leptin-induced pSTAT3 would need to 
be done. 
 In situ hybridisation studies shows that regions like the VMH and the DMH present 
decreased PACAP and PAC1 mRNA across development (Iwasa et al., 2016).  Given the 
model we used, there is no way to confirm decreases in expression.  Another model of 
development would greatly help look further into PACAP expression over time. 
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5.5 Potential mechanisms of PACAP 
involvement in the leptin signalling pathway 
 Previous studies show PACAP knockouts in key metabolic signalling areas causes 
issues in glucose regulation and food intake.  PACAP plays a role in regulating GnRH mRNA 
when upregulated or blocked by an antagonist (Kanasaki et al., 2016a).  Furthermore, PACAP 
or PAC1 knockouts have impairments to reproduction such as mating frequency and puberty 
onset (Shintani et al., 2002; Ross et al., 2018).  As demonstrated from our experimental 
findings, PACAP neurons are involved in both leptin’s metabolic and reproductive functions.  
From the perspective of the leptin signalling pathway, these findings do support PACAP as 
another neuronal target population for leptin to communicate its regulation of the fertility axis 
and its signalling of metabolism.  The PMV region directly connects to the GnRH neurons, 
meaning that PACAP neurons are intermediary between leptin’s site of action and the GnRH 
neurons.   
Concerning its metabolic function, PACAP is most likely regulating glucose.  A study 
by Bozadjieva-Kramer (2021) used a selective knockout to remove PACAP from the VMH.  
A increase in body weight was found, along with impaired glucose clearance and a greater 
rate of lipid and fat oxidation.  Another study found a subset of PACAP neurons in the VMH 
regulate insulin and act to prevent hyperglycemia (Khodai et al., 2018).  Combining these 
results and our’s together, the PACAP neurons of the VMH appear to be responsible for 
managing glucose regulation.  Leptin is one of the signals used by the VMH to determine if 
food intake needs to be decreased and signal more glucose uptake into fat cells.  The 
signalling causes PACAP neurons to signal other satiety nuclei and promote glucose 
clearance and uptake (Sohn, 2015).  Increased leptin signalling is correlated to increased 
Adcyap1 mRNA, which further supports this idea (Hawke et al., 2009).  Future studies to 
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perform would be to test glucose levels and glucose clearance in the PACAP-LepR rescue 
model used in our experiment.  Using a glucose tolerance test of a hyperinsulinemic-
euglycemic clamp to test glucose clearance would be useful to perform. 
 With regards to the role of PACAP in leptin signalling of fertility, our results work in 
tandem with the Ross study.  The Ross study removed PACAP from neurons expressing 
leptin receptors, whereas our study removed leptin receptors from PACAP expressing 
neurons.  Comparing our results, the PACAP knockout of Ross et al produced a significant 
impairment to most reproductive measures like puberty onset and first oestrus.  Our study 
produced a smaller deficit in these same measures, but still caused a statistically significant 
effect.  The Ross study supports the importance of PACAP to reproduction throughout the 
HPG axis. Combined with our results, the PACAP neurons are an important intermediary cell 
type for leptin signalling of fertility (Ross et al., 2018).    
 With our recent findings and Ross’s findings, the PMV is a likely region mediating 
leptin signalling to the HPG axis using PACAP as the signaller.  Several studies have 
established the PMV as highly involved in regulating the preoptic GnRH neurons (Donato et 
al., 2011).  A large number of PACAP neurons are located in the PMV and they express 
leptin receptors (Condro et al., 2016; Ross et al., 2018).  Without the PACAP neurons of the 
PMV, as shown in these results, there is not enough leptin signalling to the GnRH neurons to 
progress puberty onset.  There is great support for PMV involvement in leptin signalling, at 
least in terms of puberty onset.  
 Following puberty onset, the PMV PACAP neurons may become less important over 
time for mediating leptin signalling of fertility.  No significant difference was shown in the 
regulation or maintenance of fertility-related measures such as the frequency of number of 
oestrus cycles.  The PMV population of PACAP neurons is important for mediating leptin’s 
signal, and is necessary for achieving important reproductive milestones like puberty onset.  
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After these milestones are achieved, then other nuclei like the AgRP neurons may become 
more important in leptin signalling (Evans & Anderson, 2017).   
 Along with the PMV and the VMH, the other two regions of PACAP-LepR neurons 
are the VMPO and the AVPV.  The AVPV is a region closely related to fertility given the 
region contains a high number of kisspeptin neurons.  A couple of studies have found PACAP 
may enhance the effect of kisspeptin regulation on the GnRH neurons and increase kiss1 
mRNA levels (Kanasaki et al., 2013; Tumurbaatar et al., 2019).  Using the same models as 
the current experiment may indicate some changes to kisspeptin neurons and signalling.  
  The PACAP-LepR neurons in the VMPO are most likely linked to thermoregulation.  
The preoptic area is well established as the hypothalamic control centre for thermoregulation, 
and PACAP is well known to be important in thermoregulation hence why PACAP neurons 
have been shown in the VMPO region (Tan et al., 2016).  Recent genetic models show these 
neurons inhibit BAT thermogenesis, and when PACAP is knocked out causes’ impairments to 
BAT function (Tan et al., 2016; Bozadjieva-Kramer et al., 2021).  From the evidence, it is 
expected these neurons would have leptin receptors and thus show up on pSTAT3.  
 There was a clear increase in PACAP expression across development in the SCN.  An 
increase in PACAP-GFP cell count around the time of puberty onset could relate to PACAP’s 
role in circadian entrainment.  As stated previously, PACAP plays a role in entraining SCN 
neurons (Beaule et al., 2009; Riedel et al., 2020).  It could be possible PACAP serves the 
same role in the PMV to make sure puberty onset occur at the correct time.   
 
5.6 Future directions 
Interest in PACAP neurons has grown over the last couple of years.  Given these new 
findings, more research is not only required but could help to address the questions raised by 
the results of the present experiments.  The relationship of leptin to PACAP needs more 
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exploring.  Exploring the three regions identified as containing leptin receptor expressing 
PACAP neurons as separate regions would further identify what role these neurons have in 
that particular region.  In particular, elucidating the function of the PACAP neurons in the 
AVPV and VMPO regions would be informative, as there is no strong evidence of their 
purpose.  Using the same technology and techniques as in the Ross studies would be helpful.  
By selective knocking out leptin receptors from particular regions using AAVs would not 
only remove the compensation mechanism that may occur in the lifelong knockouts as stated 
previously, but would also be specific to the particular region of interest (Ross et al., 2018; 
Bozadjieva-Kramer et al., 2021).  Performing additional experiments related to the VMPO 
and AVPV function like measuring thermoregulation in these models would also need to be 
performed.  
 Another possible study would be to do a double knockout animal.  If PACAP is 
involved in leptin signalling of fertility, perhaps other metabolic hormones are also involved. 
Double knockouts of both leptin and insulin receptors from the PACAP neurons may further 
compromise and delay puberty onset. 
 The main improvement on this study would be to increase the number of animals, 
especially PACAP-Cre leptin stop flox males.  Alternatively, modifying the method of 
generation may help generate more animals.  Using a similar method to Ross (2018), a viral 
vector could be used to insert Cre-recombinase enzyme into an animal carrying a floxed leptin 
receptor.  Use of hormone assays for reproductive hormones (LH, testosterone and oestradiol) 














Figure 5.2 Graphical representation for the leptin signalling pathway for fertility.  The 
representation shows regions of high leptin receptor expression and have been investigated 
for mediating leptins fertility action.  Only the arcuate AgRP/NPY neurons and the PACAP 
neurons of the PMV have been shown to mediate leptin signalling of fertility, most likely 
acting on the preoptic area/GnRH neurons.  Each region is identified below, and each 
important transmitter is stated.  The orange boxes are fat cells.  The green arrow indicates 
stimulation, red arrows indicate inhibition.  PMV – Ventral premammillary nucleus, DMH – 
Dorsomedial hypothalamus 




Several neuron populations have already been identified as important to mediating 
leptin signalling of fertility, as presented in Figure 5.2.  The current study has identified 
another population that is involved.  Leptin actions via PACAP neurons were shown to be 
necessary for normally-timed puberty onset. They were also shown to be involved in body 
weight regulation in a sex-specific manner.  The most likely regions responsible were the 
VMH for body weight changes, and the PMV for the puberty onset delays.  Increases in 
PACAP expression over time were shown in several hypothalamic regions like the SCN.  
With these findings, it supports the need for more research into the role of PACAP in fertility, 
and its possible practical applications.  In future studies we may identify PACAP as linked to 
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Agarose gel for leptin-stop-flox gene.  Fragment size for wild type (WT), 
heterozygous and mutant/homozygous is labelled on gel.  Each lane is one animal. 
Agarose gel for PACAP-Cre.  Fragment size for positive and negative for 
PACAP-Cre is labelled on gel.  Each lane is one animal. 
Agarose gel for leptinflox gene.  Fragment size for the possible genotype 





















































Agarose gel for Tau-GFP.  Fragment size for wild type (WT), heterozygous and 









To make up 1L, add 300g sucrose, 10g PVP and 300ml Ethylene glycol dissolved in 500ml 
0.1M PO4 buffer.  Make up to 1L with distilled water. 
Diaminobenzidine (DAB) 
To make up 20ml, add 160mg Ni(NH4)2SO4, 1 SIGMA FAST DAB tablet, 1 UREA H202 
tablet in 20ml H20.  Cover with tin foil and stir gently in a sealed glass jar. 
EDTA (1mM) 
To make up 1L EDTA, add 0.37g EDTA and 1L distilled H20.  Adjust pH to 8.0. 
Lysis buffer 
To make 1 L of lysis buffer,  add 12.11 g Tris base, 1.86 g EDTA, 2 g SDS and 11.68 g NaCl 
to 500 mL of distilled water.  Combine until dissolved. Make solution up to 1 L with distilled 
water and adjust pH to 8. 
 
Phosphate Buffered Saline (PBS) 
 
To make up 2L of 10X PBS, add 163.4g NaCl, 27.6g NaH2PO4.2H2O and 35.6g of 
Na2HPO4.2H2O to 2L of distilled water.  Adjust pH to 7.3.  
Tris-‐-buffered saline (TBS) 
To make up 2L, add 12.12g Trizma HCL, 2.8g Trizma Base, 17.4g NaCl to 2L of distilled 
water.  Adjust to pH 7.3. 
TBS-Triton X (TBSTX) 
For 1L TBSTX, add 1ml triton-X to 1L TBS 
TBSTX-BSA 
For 100ml TBSTX-BSA, add 1g BSA to 100ml TBSTX. 
Tris-‐-acetate EDTA (TAE) buffer   
To make 1L of 10x TAE buffer, add 48.4g of Tris base, 11.4mL of glacial acetic acid and 
3.7g of EDTA to 800mL of distilled water.  Adjust the pH to 7.2, and make up to 1L with 
distilled water 




To make 1 L of TE buffer add 1.221 g of Tris base and 0.372 g of EDTA to 800 mL of 
distilled water. Adjust pH to 8 using HCl. Make solution up to 1 L with distilled water.  
30% Sucrose solution 
To make up 100ml, dissolve 30g of sucrose with 100ml of 1x PBS 
4% Paraformaldehyde (PFA) 
To make 500ml, add 6.9g NaH2PO4.H2O  (mono) and 8.9g Na2HPO4.2H2O  (di) to 250ml 
distilled water.  In a separate 250ml distilled water, add 20g Paraformaldehyde and 0.6g 
NaOH.  Heat both solutions gently and stir till solution clear.  Combine both solutions in a 












































Saline control pSTAT3 sections 
 
pSTAT3 images for saline injected control animals. All methods following saline injection 

















































Average cell count for PACAP-GFP in the P=E or adult group.  Cell counts were done 
across approximately 3-4 sections per animal (n=4).  Due to the method of perfusion for 
younger animals, cell counts were only performed in the P=E group.  Data presented is mean 
plus standard error of the mean.  AVPV - Anteroventral periventricular nucleus, ARC - 
Arcuate nucleus, VMH - Ventromedial hypothalamus, VMPO - Ventromedial preoptic 
nucleus, PMV - Ventral premammillary nucleus. 
 
 
 
 
 
